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The general objective of this study was to develop a meaningful
toughness performance criteria and test method, which would
facilitate the safe controlled use of high strength bridge steels,
thereby allawing the designer to provide longer, more efficient
spans with reduced structure depths, improved aesthetic features,
and equivalent theoretical 1ife eXpectancies, ‘ ‘ :

This study investigated seven heats of ASTM A514/A517 steel
representing two producers, United States Steel and Lukens Steel.
Sketches of typical tes+t specimens used are shown in Figure 1. :
This grade of high strength (oy 100 ksi) bridge steel was chosen
because its demonstrated susceptibility to brittle fracturing has
limited the use of this otherwise popular material. As expl.ained
earlier, the Susceptibility to brittle fracture inceases with

yield strength unless the toughness of the steel is increased

at the same rate the yield strength increases, Unfortunately,
this high level of toughness generally has not been realized in
A514/A517 steels tested by the State of California.

The specific objectives of this project were:

1. To vérify the relationship between precracked Charpy impact
transition temperature and the inflection in the plot of Kie
(compact tension test) versus test temperature as reported

by Barsom and Rolfe (3). :

2. To verify empirical relationships between Charpy impact
test results and plane strain fracture toughness (Kg,) as
reported by Barsom and Rolfe (4). :

3. To evaluate the concept of "thru-thickness yielding" (5) (6)
as the basis for steel toughness requirements.

Fracture toughness testing for this investigation was performed
under contract No., 19-1217 by the Aerojet General Corporation of
Sacramento, California. Principal investigators for Aerocjet were
Carl E. Hartbower and Walter G. Reuter. Their report is attached
as an Appendix to this report.

This project also accomplished the training of Transportation
Laboratory personnel in the field of fracture toughness testing
according to the ASTM E399 "compact tension" test method. A1l
necessary test equipment, including loading devices, crack opening
displacement gauges, and load-displacement plotting equipment was
made in the Transportation Laboratory Machine Shop, thus giving
this agency full compact tension testing capabilities.

www fastio.com - o
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I. INTRODUCTION

In recent years, several instances (1) (one in California) of
failure in steel at stresses well below yield strength level
have suggested that an abrupt failuUre process, quite unlike the

- slower and more conventional yielding process, might well be
controlling structural performance. This unusual form of
structural failure was characterized by an absence of plastic

x strain evidence and a flat planar fracture face extending from
an apparent flaw of some kind. For this reason the failure
mechanism was appropriately termed "brittle fracture”. "Fracture
toughness" is simply a measurement of a materials resistance to
"brittle fracture" in the presence of a flaw or crack.

The brittle fracturing of a girder flange in the Bryte Bend

Bridge near Sacramento was the impetus for this research project.
Although the phenomenon of brittle fracture in steels has been
known for some time, it has only recently become a primary concern
in highway bridge construction. Several explanations are offered
for this as follows:

1. Welding, the steel joining method most likely to result in
the stresses, flaw types and crack growth rates necessary for
brittle fracture, is a relatively new bridge construction method.
Early welded structures are only now reaching the "ripe" age
where fatigue, stress corrosion and other metallurgical mechanisms
may have had time to grow flaws approaching the size required to
initiate brittle fracture.

2. The crack growth rate in bridge steels is primarily dependent
on and varies directly with the magnitude of stress fluctuations.
However, studies indicate that the stress fluctuation range (due
to live loads, etc.) is very small in most highway bridges.

Hence, most of these bridges are blessed with long lives and

are only now beginning to be in danger of containing fatigue
cracks large enough to initiate brittle failure.

3. Higher strength weldable steels are now being used in bridge
construction. These steels are inherently more susceptible to
brittle fracture than their lower strength counterparts unless
they have greater toughness. This situation is aggravated by
the use of higher design stresses consistent with the increased
strength levels of these steels, These higher stresses reduce
the minimum crack size for brittle fracture unless the toughness
of the steel is increased as much or more than the increase in
applied stress. This smaller crack size for brittle fracture

- means that the time required to grow a fatigue crack to that
critical size is shorter. Hence, the life expectancy of new
high strength steel structures is of greater concern than for
low strength grades.
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II. CONCLUSTONS

From this research it is concluded that:

(2} The toughness of these steels was too great at temperatures
above the upper limit of the brittle-ductile fracture transition

measured with 2"-thick compact tension specimens from the
material available for testing, Hence, there was no opportunity
to verify the following empirical relation developed by Barsom
and Rolfe (4) for this temperature range; '

Ig, 2

(—=>)

= 5 - 9y
oy T oy (CvN 20)

where: KIc critical plane strain fracture toughness (ksifin)_

oy
CVN

Yield strength (ksi)

I

Charpy V-notch impact energy (ft-lbs).

(3) The critical static plane strain fracture toughness of these
Seven steels at the lower half of the Charpy V-notch brittle-
ductile fracture transition temperature range could be estimated

from Charpy V-notech tests by using the following correlation
developed by Barsom and Rolfe (4);

2 _ 3/2
KIc = (2E) CVN: '

where: KIc = psivin
E = psi
CVN = ft-lbs (impact).

(4) Estimates of the critical static plane strain fracture

toughness derived by applying the Corten-Sailors expression (7), -
= 1/2 :
Kio = 15.5(CVN) T
—4-
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(8) The reported (4) shift (approximately 60°F) in brittle-
ductile fracture transition temperature between static and
dynamic tests could not be verified for the seven heats of
A514/A517 steel examined in this study.
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Where:”fkic = ksi viIn

Mo es .
R S U 2 ST S B S

CVM:-= ft-1bs (impact),

CEe omdes L : . o
were more conservative than thoése by the Barsom-Rolfe correlation
for the seven steels tested.

(5) " Using the expression developed by Hartbower and Reuter in
this study, ' ‘

. 1/2

Kr, = [18E PCI] ,
whe#e: KIc = psi
.E = psi

PCI = ft-1bs,

with the precracked Charpy impact test data provided a more
accurate estimate of the critical static plane strain fracture
toughness than the conventional Charpy V-notch impact test data

did with either the Barsom-Rolfe or the Corten-Sailors correlations.

{(6) For the seven steels examined in this study, the mils of
lateral expansion in a broken PCI specimen numerically approxi-
mates the energy absorbed (ft-lbs) in breaking that specimen.

(7) Only two of the seven steels tested demonstrated sufficient
toughness to meet the "thru-thickness yielding" criterion for
minimum toughness. This criterion, expressed as:

Kie = OY YE,
where: .KI = ksi vin
c .
oy = ksi

t = thickness - inches,

is based on work by Hahn and Rosenfield (6) which indicated that

in material meeting this criteria, thru-thickness yielding provided
enough stress relaxation of the tips of cracks to prevent brittle
fracturing.
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IV. IMPLEMENTATION

The performance of this research study has contributed greatly

to the knowledge of fracture mechanics possessed by the personnel
of the Transportation Laboratory. More specifically, the fracture
behavior of ASTM grade A514/A517 steel, a popular highway bridge
building material, has been better defined in terms of simple

test variables. The use of this steel is desirable from the
standpoint of its high strength-to-weight ratio, considering

that its yield strength is more than twice that of conventional
bridge steels such as A36 or A44l.

Knowledge gained from this study will have several applications:

1) the evaluation of proposed toughness specifications for
A514/A517 stéeel

2) the evaluation of proposed test methods for measuring
fracture toughness

3) the development of an overall fracture control program which
combines a realistic fracture toughness testing program with
the judicious use of nondestructive inspection in shop and
field,

At present, the fracture toughness requirements for A514/A517

steel in bridges, as dictated by the Federal Highway Administration
(FHWA) , are not in line with the findings of this study. The

FHWA requirements, expressed in terms of Charpy impact energy
values, are based on the findings of John M. Barsom (18), a

U.S5. Steel Co. researcher heading the AISI Project 168, "Toughness
Criteria for Structural Steels."

The findings of this study are in disagreement with AISI project's
findings in two primary areas:

1. No consistent temperature shift between the static and

dynamic Charpy energy vs. temperature curves was evident in
this study.

2. The use of the precracked (rather than the V-notch) Charpy
specimen was found to be a more realistic indicator of fracture
toughness in this study.

These findings will therefore be valuable in future attempts to
improve the FHWA toughness (Charpy) requirements and the attendant
level of protection against brittle fracture in A514/A517 steels.
But before a realistic specification can be developed, research
must be conducted towards determining the effective strain rate

at the tip of an active flaw (i.e., the strain rate that controls
the failure process). Test requirements could then be expressed
in terms of fracture toughness values determined at the strain
(loading) rate commensurate with the actual service condition.

-8
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III. RECOMMENDATIONS

1. That Rolfe's CVN-Ky. transition temperature correlation
(Equation’ (4)) be used within its limits, to enable estimation
of Kry values from Charpy V-notch test results.

2. That the precracked (rather than V-notch) Charpy impact
test be used as the routine test for toughness estimation.

3. That the PCI-Kyc transition zone correlation (Equation (7))
developed by Hartbower and Reuter from this testing program,
be used to estimate static Ky, values from PCI energy
absorption. -

4, That for specification purposes,the lateral expansion (mils)
and energy absorption (ft-1lbs) in the PCI test be considered
numerically equal for the type of quenched and tempered steels
(100 to 110 ksi yield strength) tested in this investigation.

5. That PCT lateral expansion (rather than energy absorption)
measurements form the basis for future toughness check testing
requirements.
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U R. = dyVVE, where oy

I = gsi Eg. (4)
t = in
_ KIc = ksi vin.
. This was called thé "thru-thickness yield" criterion. In 1969

Rolfe, et al, (18) presented an empirical relation between
static plane strain toughness and Charpy V-notch impact energies

. for steels tested at temperatures above the Charpy brittle-ductile
fracture transition temperature range. This was
K 2 .
" (—EE = 2 (CcVN - EX), where oy = ksi {5)
°Y . 20 CVN = ft-lbs
Kio = ksi vin.

This expression was combined with the Hahn-Rosenfield thru-thickness
yield criteron to derive a minimum Charpy V-notch requirement for
assurance against brittle fracture that was based on both yield
strength and section thickness and expressed as follows:

CVN .= 2L (£+0.25), where t

= in Eg. (6)
oy = ksi
CVN = ft-1lbs.

Justifying a 15 mi 1 CVN Specification

-In 1970 Gross (16) compared the upper shelf CVN requirements of
Equation (6) with those imposed by the 15 mil exXpansion criterion.
This comparison, shown in Figure 2, seems to demonstrate that a
lateral expansion of 15 mils in a Charpy test provides material
that is tough enough to meet the Hahn and Rosenfield requirement
for upper shelf thru-thickness yielding in steel up to about 1"
thick. (Only 1" plate was tested.) This would seem to limit
the application of the 15 mil CVN requirement to steel less than
1" thick. However, in 1970 Barsom and Rolfe (4) showed that there
was an apparent down shift in brittle~ductile Fractive transition
temperatures with decreasing strain rates. Consequently, the
toughness of a steel at the low loading rates thought to be
encountered in most real applications was held to be much greater
than the Charpy V-notch test indicated via the Equation (5) correla-
tion. Later work performed by Barsom (20) seemed to confirm
these conclusions (7). Hence, the CVN Trequirement established

- for 100 ksi yield quenched and tempered bridge steels 1" thick
: was accepted by AASHTO as an adequate requirement for these steels

up to 2-1/2" thick. ASTM A517-72a similarly includes the 15 mil
lateral expansion CVN requirement for steels up to 2-1/2" thick.

-11-
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Origin and Significance 15 mil Lateral Expansion

Although the 15 ft-1b criterion provided some degree of protection
against fracture in ship steels, its validity with respect to
higher strength steels was questioned by many fracture experts.

Some began investigating the relation between strength, energy,

and the plastic increase in width of a broken Charpy V-notch

- specimen where the pendulum strikes it on the back side, opposite

and behind the notch. This measurement, called the "lateral
expansion” (LE), is approximately proportional to the energy
absorbed in fracturing the specimen.

In 1958 work was published (L1) showing that for a given measure
of lateral expansion (LE) th Charpy energy increases linearly
with the ultimate strength of the steel tested. The rate of
increase shown by that work can be summarized by the following
expressions:

~ {100 cvn]_
LE —(""_o,u-—-——) 3, Egq. (2)
where: LE = mils
CVN = fit~1lbs
du = ultimate strength - ksi
. _ Ou(LE+3) '
or; CVN = T Eg. (3)

That work indicated that for the 60 ksi ultimate strength average
of ship plate, a lateral expansion of 15 mils in a broken Charpy
V-notch specimen corresponds to an 11 ft-1b fracture energy and
provides a method of defining brittle-ductile transition
temperature which is conservatively equivalent to the 10 ft-1bs
criteria developed from ship plate. This work implied that a
Charpy V-notch requirement of 15 mils minimum lateral expansion
at minimum use temperature might be used independent of steel
strength and thickness to provide an assurance against brittle
fracture equivalent to that provided in the ship plate by the

10 f£ft-1b requirement.

The Problem of Thickness vs. CVN

Now another problem reappeared. As early as 1920 investigators
had recognized an inverse variation of brittle fracture strength
with cross-section or thickness (19). In 1967 Hahn and Rosenfield
proposed that the minimum toughness required in a steel plate to
prevent brittle fracture increases with the square root of its
thickness in accordance with the following expression:

-10~-
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. o | V. TECHNICAL DISCUSSION
1. History |
Origin 15 ft-lbs @ 40°

Real concern for the brittle fracture susceptibility of steels
arose primarily from the ship fracture crisis (12)(17) during
and subsequent to World War II. Of the 4,694 ships involved,
1,200 (about 25%) cracked in some brittle manner. Nineteen
ships abruptly broke in two and 250 failed to a degree that
required their removal from service., It was found that ship

- fractures initiated in steels with Charpy V-notch impacts
averaging about 7 ft-lbs at failure temperature and arrested
in steels with Charpy impacts averaging from 14 to 16 ft-lbs
(depending on analysis) at failure temperature (12). Thus a
Charpy V-notch impact requirement of 10 ft~-1bs (17) at the
lowest anticipated use temperature or its equivalent; 15 ft-lbs
at 20°F above the lowest anticipated use temperature, provided
a way to discriminate between brittle and "safe" ship plate.

Later work (17) by the NBS Statistical Engineering Section related
‘chemical composition to 15 ft-1lb Charpy transition temperatures
statistically to an accuracy of 80% within + 20°F using the
following expression:

T15=83+316(%C)—lll(%Mn)+459(%P)-240(%Si)—B.?(Grain Size No.) Eq. (1)

where: C = carbon
Mn = manganese
P = phosphorus

5i = silicon

T15 15 ft-1b CVN transition temperature.

Apparently, based in part on this expression, the specified
compositions for ship plate were redesigned so that about 94%
of the heats would have 15 ft-lb temperatures at least as low
as the T;g5=62° displayed by the best fracture source ship plate
tested up to that time. Since the expression was only accurate
to + 20°F; compositions had to be based on Ty of approximately
20° lower than 62° or Tj35=40°F. This appears to be a possible
origin of the 15 ft-1lb at 40°F requirement that so many have
sought to justify placing in new bridge steel specifications.

In ship plate these requirements were apparently expected to
provide brittle fracture arrest capability down to 40°F in all
- cases and protection against brittle fracture initiation down
" to the expected maximum 10 ft-1lb temperature of 20° to 30°F.
This was below the failure temperatures of about 90% of the
heavy weather ship casualties.

ClihPD www.fastio.com
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When oy = Uu"44; where 6y and ou = ksi Eg. (9)

is substituted in Equation (8) it becomes

2 2/3

cvn = [ (2924, sE] , where CVN = ft-lbs Bq. (10)
. : gu = psi
t = in._

An examination of Figure 2 indicates that if the transition
correlation between CVN and ou in Equation (10) is correct,

then 15 mils lateral CVN expansion does not assure thru-thickness
vielding in 13/16"* thick plates with ultimate strengths greater
than 95 ksi. This seems to confirm the belief of some investi-
gators that the 15 mil correlation only holds true for "lower
strength"” (i.e., C, C-Mn, C-Mn-Si, and low alloy) steels (13).
Thus constant lateral expansion does not appear to assure
equivalent resistance to brittle fracture with increasing
strength even when thickness is held constant. :

'In the case of higher strength, quenched and tempered (Q & T)

steels, such as grade A517, LE requirements must be cus tomi zed
for each strength and thickness of material. Hence we did not
consider the 15 mil criterion valid for the group of steels
studied herein. - ‘

The level of LE necessary is a subject of controversy, but the
merits of the LE (as opposed to energy) measurement as a
toughness indicator are recognized by the California Division
of Highways and it may well form the basis for future toughness
specifications. ‘

2. Basic Fracture Concept

The Charpy test served as an empirical screening test for brittle
steels, until the phenomenon of brittle fracture was able to be
characterized through a relatively new science known as "fracture
mechanies™. Fracture mechanics defined a material's resistance

to brittle fracture in the presence of a crack as its "fracture
toughness", represented by the symbol "K". Because this approach

is based on theory, it is possible to express fracture propensity

in terms of stress, flaw size, and plate thickness - units meaningful
to the designer. The basic fracture mechanics approach is discussed
in the paragraphs that follows.

*The early ship plate investigation (12) , upon which the 15 mil LE
criteria is based, tested plate ranging in thickness from 1/2" to
~1/2" and averaging 13/16". Hence, in Figure 2, t=13/16"

was assumed in constructing the comparison curve based on transi-
tion zone thru-thickness yielding criteria. '

-14-
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' The eSﬁablishment of a'single lateral expansion requirement for

steels of various strengths and thicknesses was based on the
hypothesis that energy absorption was the product of strength

and ductility, and hence, ductility as measured by lateral
expansion in steels of different strengths could be equated to
different energy absorptions. The basic validity of this approach
is questionable from the standpoint that no consideration is given
to the higher toughness required of steels in service under con-
ditions of greater geometrical constraint {(i.e., thick sectiomns,
etc.).

Comments on Historical Findings

The work covered in this report did not confirm any systematic
decrease in toughness with increasing strain rate that could be
equated to a temperature shift. Possible reasons for this are
discussed 'in the report. Hence, until more information is
developed on this subject, the Charpy impact and other dzna
test requirements should continue to be based on the minimum
anticipated use teimperature. Testing at higher temperatures to
account for strain rate differences should not be permitted.

An examination of Figure 2 suggests that if the CVN-ou relationship
(Equation (6})) derived using the upper shelf correlation between
Ko and CVN is correct, the 15 mil LE criteria will not provide

the same degree of protection against brittle fracture as is
provided by the use of Equation (6) for 1" plate. Also, for
thicker plates, the 1nadequacy of the 15 mil LE criteria becomes
more pronounced ‘

If instead of'Rolfe's'"upper,shelf" relation, one uses the
relation developed by Barsom and Rolfe (4) to relate "transition"
temperature Charpy values to plane strain toughness,

2
¥ o )
;%E = 2(CVN)3/?, where KIc = psi vin Eg. {7)
' E = psi
CVN = ft-1bs

and applies the Hahn-Rosenfield thru-thickness criteria (Equation
(4)) to this expression one gets

CVH = (%—*:) 2/3, where CVN = ft-lbs Eg. (8)
oy = psi
t = in
E = psi

-13-
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“fracture toughness (K1re)". Popular methods of measuring Kig
require test specimens which are thick enough to provide this
maximum constraint. One of these methods, known as the "compact
tension" test, is outlined in ASTM E399-72. But this method
requires large specimens, costly machining, and a relatively ,
complex test method. For these reasons various research efforts (4) (7)
have attempted to correlate results from the simpler Charpy impact
test (ASTM E23-72) to the actual Ky, measurements (Figure 1).

This would provide an indication of toughness using a relatively
small, inexpensive and simple test. The California Division

of Highways recognized the desirability of using the small Charpy
specimen for routine estimation of toughness, and therefore under-
took this research. :

3. Fracture Control

Two basic approaches to fracture control are available. The
first, based on fracture mechanics theory, attempts to prevent
development of cracks of critical size by insuring a permissible
combination of toughness, initial flaw size, and crack growth
rate for a desired structure life and service environment.

This approach depends largely on the ability of nondestructive
inspection to detect all flaws larger than the specified allowable
initial flaw size. The other method attempts to guarantee the
occurrence of "yield failure" prior to brittle fracturing at a
crack of any length, by requiring tougher steels. Although this
approach minimizes the nondestructive inspection requirements,
the higher toughness levels required may prove too costly for
routine application. : :

In either of the abbve approaches to fracture control, fracture
toughness (Krc) determination is a necessity.

4. . Toughness Measurement Using the Compact Tension Test

The compact tension test measures a steel's "critical plane
‘strain fracture toughness" (Kio.) by subjecting a specimen con-
taining a constrained precrack to a tensile load. The steel's
Kic value is defined by a specified deviation from linearity in
the plot of applied load versus notch opening. In order to
provide the necessary degree of constraint, a specimen thickness
requirement is imposed, namely; ‘ '

K. . 2

- e | 3 o
BiZ.S(Eyg) v | , Eg. (12)
where: B = minimum specimen thickness (in.)

KIc = measured critical plane strain fra¢ture
toughness (ksi vin) :

oys = tensile yield strength at same temperature
and loading rate as Kyo test (ksi).

-16~
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For brittle fracture to odcur, a flaw (crack) must initiate and
grow to a critical size by such mechanisms as fatigue, stress
corrosion’ or hydrogen enmbrittlement..

This critical crack size:(gl is a function of the steel's toughness
- . and ‘the applied nominal* section stress. This relationship is
: expressed as fo;lbWs:‘ _ - . '

Src Ccr‘/'"ac S Eq. (11)

where: KIc = critical plane strain fracture toughness (ksi /in)
0 = applied nominal stress (ksi)

“aé“% ¢rIticalﬂf1éw size (in)

" C = constant defined by flaw geometry

When the critical crack size is exceeded, and the steel's critical
fracture toughness is exceeded by the resulting crack tip stress
intensity;'thg,crack.willJabruptly propagate across the full
section; constituting a brittle fracture. -

Toughriess is really 'd meéasure of the "constraint" in a crack tip
pPlastic zone, or in other words, a measure of the resistance +o
thru-thickness (lateral) deformation at the crack tip. As a

zone of material surrounding the crack tip stretches plastically,
there should be. an accompanying "necking" deformation in the
thru-thickness direction. In an area of high constraint, this
necking is not realized, and the mode of stress is termed "plane
strain". Where constraint is. low, thru-thickness "necking" occurs
and a "plane stress"-stresg mode exists. =

"Constraint™ may bé& described as the-inhibition of plastic flow
due to stress tridxiality (16).. Stress triaxiality is a state
of three directional stress caused by the opposition to thru-
toughness plastic flow by the elastic material which surrounds
the plastic zZone, 'In, thicker plate, where the thru-thickness
crack-front breddth and the attendant elastic zone are longer,
the degree of flow inhibition is greater. Flow inhibition
ultimately subjects the metal grains at the crack tip to
abnormally high stresses for a relatively low applied load.

In genéral then, toughness decreases with increasing thickness
to a lower limiting value known as the "critical plane strain

*Where the crack is able to grow through the zone of high
residual stress without fracturing,

_15_
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a. abmpact Tension Specimen

b. Fracture Face ' : ¢. Fracture Face

(Tough material) (Brittle material)
.,_.: FIGURE 3, COMPACT TENSION SPECIMEN CHARACTERISTICS
_18...
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When the above criteria is met, a "plane strain" condition should

exist in the test specimen, thereby enabling the determination of
critical plane strain fracture toughness (Kp.).

A plane strain condition is characterized by a high degree of
constraint and an absence of thru~thickness deformation at

the flaw. PFailure resulting from a plane strain state of gtress
exhibits a flat, planar fracture surface, free from the large
angular "shear lips" which usually accompany the more conventional
yield~type failure (Figure 3). 1In fact, fracture face appearance
is such a good indicator of the failure mode that certain toughness
test Eesults are often expressed in terms of it (e.g., "percent
shear"}.

Because fracture toughness and yield strength vary with tempera-
ture, and because the minimum required specimen thickness is a
function of fracture toughness and yield strength (Equation (12)),
it was necessary to use different specimen thicknesses for the
different test temperature ranges. This testing program utilized
one-inch thick compact tension Specimens for the lower testing
temperatures and two-inch thick specimens for the higher test
temperatures. But these efforts to meet the validity criteria
from Equation (12) were not always successful, because validity
cannot be checked until after each test has been completed.

ASTM E399-72 specifies several other criteria for a valid test
based on fatigue c¢rack shape, fatigue load levels, and other
testing variables. Although many of our test results failed

to fulfill some or all of the above validity criteria, it is

felt that these test results are still meaningful in light of

the fact that validity criteria are usually considered somewhat
conservative. The specimen size criteria (Equation (12)) is
especially guestionable, since it precludes the Ky, testing of
lower strength steels whose rolled thicknesses are not great
enough to provide specimens able to meet the criteria set forth
in Equation (11). Some have asserted (9) that reduced thickness
K1c test specimens can yield values within +15% of the "valig"
Kro measurement and that this degree of accuracy can prove useful
for engineering approximations of K1ge

If a group of Kic tests are run over a range of test temperatures,
a "lower shelf" value will be found to exist at the lower end of
the test temperature range (see Figures 21 through 27 in the
Appendix). Material toughness characteristics should always

be such that this lower shelf occurs at some temperature below
the lowest expected service temperature of the highway bridge.
Because Ky, decreases with decreasing test temperature, it is
important that the Kro value for design use be measured at or
below the lowest expected service temperature for that steel.

-17-
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Charpy V-notch impact requirementﬁ recently adopted by the
American Association of State Highway and Transportation
Officials (AASHTO) for bridge steels are based on the belief (18)
that bridges experience crack trip strain rates somewhere o
intermediate between the static and the dynamic rates. Their
Charpy V-~notch énergy requirements are therefore lessened to
account for the fact that the test is run at the dynamic

(impact) strain rate, which is a more severe condition than

. the material will ever see in service.

ClibhPDF -

The relaxation of the Charpy testing requirements is accomplished

by specifying an impact testing temperature above the service
temperature by an amount consistent with Barsom's findings (4) (18)
pertaining to loading rate effects on measured’ fracture toughness.
This investigation, however, did not verify the existence of the
linear upward shift in brittle-ductile transition temperature
with increasing strain rate (4) which Barsom reported and which

forms the basis for the new AASHTO Charpy requirements,

5. Toughness Estimation. from the Charpy Impact Test

Both standard and precracked Charpy impact specimens were tested
as part of this investigation. The standard (V-notch) test
method has been used extensively as a toughness indicator since
its inception during the World War IT ship fracture crisis. The
precracked Charpy test method, although the more desirable for
its better simulation of a cracked service menber, has not yet
been standardized as an ASTM test method. Currently, ASTM
Committee E-28 is working toward this end.

a. Charpy‘v-notch Impact Testing

Standard Charpy V-notch (Figure 4) impact energy values were
previously compiled for some 100 heats of A517 steel sampled
by the State of California. From these 100 heats, seven repre~
senting a broad toughness Spectrum were selected for fracture
toughness (Kre) testing in an effort to verify purported
correlations between the two tests.

Various Ky, - CVN correlations have been reported by other
researchers., The most recent and probably the most prominent

are those advanced by Barsom and Rolfe (4) . These researchers
developed two empirical correlations - ope relating "upper shelf"
CVN impact energies to "upper shelf" static Kic values, and
another relating CVN values from the ductile-brittle "transition
zone" of the CVN versus temperature curve, to Ky, values at the
same temperatures. FEach of these correlations are discussed
below.

“-20=-
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Strain (loading) rate is also an important fracture toughness
consideration. Yield strength generally increases as strain
rate is increased. Hence "o" in Equation (11) can be greater
and the effective toughness of the material appears to decrease.
In other words, a material appears lesg tough in a dynamic or
.~ impact test than in a static test, Tt is generally believed
: that the loading rate of the fracture toughness test should be
A selected in accordance with the actual strain rate imposed by
. highway bridge locads. However, two opposing theories exist
regarding the applicable loading rate. The first holds that
- bridges are subjected to relatively slow loading rates except
in such instances as an earthquake, the breaking of a heavy
ruck's axle, etc.; and that designing against the rarity of such
incidents is not economically feasibie.

The second contends (1) (8) that, althouch the "causative"

loading rate on the ovVerall structure may be relatively slow
(static), an active crack front is always subjected to a dynamic
strain rate during increments of crack growth whether they be
short increments associated with conventional fatigue crack growth,
or longer crack advancemerits resulting from an active crack
pPenetrating a localized zone of low toughness, or a void area.

This study deals entirely with the currently accepted method
(ASTM E399) of static testing for Kic and would therefore be
in accordance with the slow loading rate theory presented above.
This is not necessarily the most conservative nor realistic check
test that could be employed (the slower loading rate test indicates
greater material toughness than is indicated by the impact test),
but it is the only fracture toughness measurement method per se,
currently standardized through ASTM (E399). It is often argued
that because brittle fractures have occurred under static rates
of loading, a static Kic laboratory test should be used to
evaluate the steel., The undesirable aspect of the statically
loaded test, however, is its failure to simulate an actual
service cracking situation in the sense that no load is sustained
to drive the crack. Rather, the test specimen load is partially
relieved with each instance of crack extension, thereby allowing
the crack to arrest due to loss of the driving load rather than
to material toughness. The head speed of the testing machine is
simply too slow to "catch up" with the rapid specimen relaxation
resulting from crack extension. However, in those service
situations where brittle fracture seemed to be the result of
static loading, the structural dead load was always acting to
advance the crack, and crack arrest due to loss of the crack-driving
load. was not a consideration. It is evident, then, that the ability
N of a static laboratory test to duplicate the service loading
situation is limited.

~19-
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The upper shelf correlation,

Iey? . s (cvn - %y ' Eq. (13)
oy - oy 20 * ' q.
where: Kio = ksi vIn )
oy = kSi

CVN = ft-1b,

was not able to be honestly evaluated by this research (Figure 5); -

original work by Barsom and Rolfe which lead to the upper shelf
correlation in Equation (13) was based on "subthickness" Kre
specimens (9) in evaluating the tougher steels, These specimens
met the ASTM E399 dimensional requirements, except for the
specimen thickness, which was necessarily limited to the thickness
of the test material. Since the failure mode in the "upper shelf"
temperature range is always "dimple rupture” (shear in the plane
Strain fracture mode), cleavage (brittle) fracture cannot be
induced, no matter how thick the specimen is made, at temperatures
in the upper shelf range. Based on this laboratory's testing
experience, steels are not often tough enough to exhibit upper
shelf behavior at critical service temperatures, Therefore,

the usefulness of a K1o~CVN correlation for upper shelf conditions
is limited. : :

L
Plate Ky, (ksiviT) CVN (ft-1b) oy (ksi) oY oy
A 1204 50+ 112 . 446 1.14
AL 1204 40+ 100 .400 1,44
L 1404 80 110 725 1.61
M 1204 67 125 .535  0.92
R 1204 60 110 .545 1,19
Z 1404 55 115 .477  1.49 .

Note: Barsom and Rolfe originally developed the upper shelf
correlation for steels from 110-246 ksi yield strength.

Table I. Upper Shelf Correlation Data

—22a
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b. Machined

c. Brittle Fracture Face d. Tough Fracture Face

FIGURE 4 CVN SPECIMEN CHARACTERISTICS
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The "transition zone" correlation,

K 2 .
££ =2 (v V2, - Eq., (14) -

where: KIc = psi vin .
E = psi

CVN = ft-1bs,

on the other hand, provides a means of relating CVN values to
KI¢ values in a temperature range more likely to include the
critical service temperature as shown in Figure 6, Equation (14),
and provides a rather conservative lower bound curve for the
data obtained in this project. Also shown in Figure 6 is a
transition zone correlation expression developed by Sailors

and Corten (7), '

KIc = 15.5 YCVH, where: KIc = ksi /in Eg. (15)

CVN = ft-1b

This expression provides a better fit lower bound curve for the \
data obtained from this research. Lower bound curves should be
used to define CVN-Kyg relationships because errors in Charpy
testing normally result in energy values on the high side,

It is often considered advantageous to measure specimen lateral
expansion (LE) rather than pendulum energy loss because the

later measurement is vulnerable to inaccuracies arising from

testing machine malfunction and/or post fracture interference

of the broken specimen halves with the out-swing of the pendulum.

As noted earlier, an LE measurement of 15 mils was previcusly
considered sufficient to guarantee nonbrittle behavior for all
strengths of materials. This assertion has since been discredited (13),
and many now accept that LE requirements, like impact energy
requirements, should be "customized" for each thickness and

material strength level. The findings of this study verified

the lack of validity of the 15 mil theory, as two of the seven

heats exhibited the 15 mil lateral expansion at temperatures

below the NDTT. Obviously, in these cases the 15 mil criteria

would have permitted a dangerous condition to exist. :

—24-

- www.fastio.com -


http://www.fastio.com/

ClibPD

3.0
 (K1e /0y )? = 5 (CVN/Oy-0.05)
w
ul i
O
<=
Z 20k
o '
p- 8
b -
~
© N A
0
1o "~
¢ -~ TRANS. LAB. DATA
0 L f 1 L ! | I

0 0.1 T 0.2 0.3 0.4 0.5 0.6 0.7
I CVN/Oy (FT-LB/KSI)

-Fig.5 AGREEMENT OF TRANSPORTATION LABORATORY DATA WITH
REPORTED"UPPER SHELF" CORRELATION

—2 3=

www.fastio.com


http://www.fastio.com/

b. Notch With Precrack

i

c. Brittle Fracture Face d, Tough Fracture Face
FIGURE 8. PCI SPECIMEN CHARACTERISTICS
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An expression'reldting lateral expansion to energy absorption
in Charpy V-notch specimens from the seven steel heats studied
herein is presented below and in Figure 7: :

('10 0 CVN

LE = 5a ~) -3,
where: LE = mils
- CVN = f&-1bs
gu = ksi.-

b. Precracked'Charpy Impact Testing

The PCI specimen is simply the standard Charpy specimen which
has been fatigue loaded to initiate a crack from the bottom of

the machined V-notch (Figure 8). This test understandably, better

simulates the critical service condition (i.e., a cracked plate).
However, in the past the inability to control the depth of the
specimen precrack has been cited as a major drawback to this
test. Several precracking machines are now on the market which
are able to automatically effect fatigue precracks to prescribed
depths in the Charpy specimen. It has been shown (14) that the
brittle-ductile transition temperature from the PCI versus
temperature curve corresponds to the nil ductility transition
temperature (NDTT) defined by the "drop weight-NDT" test. Since
a basic fracture toudghness requirement is that the NDTT of a
material be below its lowest expected service temperature, this
quick, simple, and inexpensive method of NDTT determination is
of great value. Use of the precracked Charpy specimen also
minimizes the possibility that highly "notch-sensitive"” steels
will find their way into service. Notch sensitivity is simply
the degree to which impact energy or toughness decreases with
decreasing notch root radius. The precracked Charpy specimen
offers the minimum notch root radius (i.e., sharpest possible
notch) and therefore imposes the most severe and realistic test
on the material. Our testing of A514/A517 steels has disclosed

materials which exhibit "acceptable” (nonbrittle) standard Charpy

V-notch test behavior that corresponds to "lower shelf" (brittle)
behavior in the PCI specimen at the same temperature (Figure 9).
In these cases, notch sensitivity is great and the standard
Charpy V-notch specimen would not expose the dangerous condition
that exists when a crack is present in a structural member.

Because the PCI test provides a more realistic indication of
material toughness, it was considered desirable to establish
a correlation between Ky and PCI measurements.

o
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(2) the use of design details and fabrication and erection
practices which either encourage resultant cracking or make
inspection difficult !

(3) the limited number of competent insﬁec&ion personnel

available.

As each of these areas of uncertainty is eliminated or minimized,

the practicality and reliability of a fracture mechanics approach
to the problem is increased.

Ultimately, the determination of the degree of risk associated
with any structure must take into consideration all of the
factors discussed herein. '
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strength, steels. Therefore, most of these structures are
possibly too young to enable fair assessment of the effects of
any toughness deficiencies that might exist.

It is seen, then, that in-service structures may be grouped into
two major categories;

(1) "0ld Structures" (i.e. primarily non-welded, structures of
v _ lower strength steels such as A7 and A36)

These structures have been afforded a long life by being

SR Subjected to stress levels and stress fluctuation ranges
that have not been capable of growing a flaw to a critical
size thus far in the service life.

(2) "New Structures" (i.e., of weldled and/or high strength
Steel construction)

These structures may still be too young to manifest toughness
inadequacies. )

Associated with any fracture control program is a degree of risk.
It is difficult to determine absolute degrees of risk, but
relative degrees of risk are definable. A structure subject
to steel toughness controls and extensive nondestructive
inspection reguirements will surely pose a lesser degree of
risk than a structure built under no such controls. Just what
level of toughness control and inspection is justified is an
area of controversy. At one extreme, where sufficient toughness
is required to guarantee "thru-thickness yielding" at any crack
tip, the risk of brittle fracturing is minimized. At the other
extreme, where no precautions are taken to deter brittle frac-
turing, there exists the high risk level associated with the
use of low-toughness steel and a limited inspection program.
Although the thru-thickness yielding toughness criteria is felt
to be too demanding by some steel producers, it has been met
by certain steel heats in past testing. If the "thru-thickness
Yielding” criteria is considered too demanding, as reflected
by steel cost, a statistically attractive fracture mechanics
approach, which considers critical crack sizes, crack growth
rates, and desired structure life, must be employed. The fracture
mechanics approach, however, should be avoided if possible, because
- of the uncertainties associated with stress estimations, initial
crack size determinations, and crack growth Progress measurements.
Some of the factors that contribute to this uncertainty are:

(1) the fact that on larger structures inspection other than
visual is often limited to less than 100% of each primary weld
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to result in cracking and high residual stresses in primary-
tension members, and (3) conditions where transverse plate
properties are taxed, i.e., box girder bottom flanges. (With
respect to items (1) and (2), it is generally agreed that the
required toughness level is.a function of the applied stress
and the thickness of the member. }

e, Redundancy of Structural Members

In situations such as multiple, parallel girders with cross

framing, where sufficient structural redundancy exists to
discourage catastrophic failure, material toughness and inspection
requirements could possibly be relaxed. Where redundancy is

- lacking, such as in the case of the steel box girder with full
- width stiffened bottom flange plate, material toughness require-
" ments should necessarily be more stringent and/or a more extensive

inspection and higher toughness would become a major consideration
in the overall bridge cost.

The degree of redundancy (in terms of number of parallel girders
and effectiveness of the cross framing in transferring load)
required to prevent catastrophic failure is a question that

should only be answered by the designer.

E. Degree of Risk.

Just what level of risk should.be tolerated in a finished structure
is surely a subject of controversy. Many will argue that steel
toughness requirements are not necessary at all, based on the

fact that history has produced so few bridge failures attributable
to lack of toughness. This argument may be refuted on the '
following grounds. Field field measurements have (21) (22) shown
live load stress fluctuation in highway bridges to Seldom exceed

8 ksi. The slow crack growth rates commensurate with these low
stress ranges have possibly afforded most of the older structures

a long (but not infinite) life. Newer structures, quite possibly,
are only subject to the same low stress fluctuation range, but

are subject to the effects of relatively new and different aspects
of bridge construction, such as (1) residual stresses from

welding, (2) conditions of high constraint resulting from the

use of thicker sections and higher strength steels, and

(3) complicated stress situations arising from complex design
details, .

Although toughness is necessary in virtually all steels, it is

of greater concern in the higher yield strength grades and
thicker plate sections, where, heretofore, the inherent toughness
of as-produced steels has occasionally proven inadequate. Only
in recent years, when bridge design has been more highly
influenced by aesthetics, materials econcmy, and greater concern
for public safety, have designers been routinely using higher
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the flaw-~detection capability of an inspection program is limited
by both the capabilities of the particular inspection equipment
and technique used, and the less than 100% inspection coverage
usually realized.

b. Welding

‘Although welding is the most desirable steel joining method in

many aspects, it is the most dangerous method in terms of the
probability of undetected flaws existing in the completed joint.

Until ﬁelding”procedures are perfected to the point where the
probability of weld-induced flaws is minimized, comprehensive

‘inspection programs and adequate toughness controls should be

maintained.

Welding methods and procedures that result in low toughness

levels should not be used. 1In an effort to learn more about

the effects of welding on the toughness of steel, this Laboratory
has included in its current research program an investigation

of welding of high yield grade (90 ksi<oys<120 ksi) bridge steels.

c. Service Environment

Two important environmental factors that should be considered
when establishing toughness levels for steels are (1) the lowest
anticipated service temperature for the steel and {(2) the nature
of the service environment.

It is imperative ‘that toughness evaluation testing be done at or
below the lowest anticipated service temperature for the intended
structure, as toughness.is a temperature-dependent property.

r

The corrosiveness of the service environment may alsc influence

‘toughness requirements by increasing the crack growth rate,

thereby necessitating higher toughness levels if the usual

service life is desired.

Hydrogen-rich ‘environments can also tend to embrittle some steels,
thereby increasing the crack growth rate and, again, necessitatinqg
higher toughness levels if the usual structure life is desired.

d. Design Features

Frequently, undesirable design features, considered unavoidable

by the designer, create situations where higher toughness require-
ments are necessary. These situations include the use of

(1) thick flange sections, (2) welding details that are likely

-35-
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8. :'Additional Information

Uncertainty in fracture control programs for structural steel
arises primarily from difficulty in relating laboratory test
results to in-service performance. The basic justification for
using small laboratory test specimens to indicate the performance
of large brldge girders is the argument that maximum constraint

is present in the laboratory specimen so that in the actual bridge
girder the degree of constraint (fracture susceptibility) can

be np greater. With ¢onstraint the same in each case, the all-
important toughness-temperature relationship becomes definable.

But in addition to the effects of temperature, thickness,
loading rate, and notch root radius all discussed above, other
- factors influencing susceptibility to brittle fracture are
worthy of discussion.

a. Flaws

Flaws are inherent in fabricated steel structures. Unavoidable,
undetected flaws can be expected in parent metal and in welds.
Toughness is nothing more than a material's ability to withstand
the propagation of these flaws. The concern for flaws is greater
in higher strength steels and, accordingly, greater reliance is
placed on improved toughness for protection in these steels.

From its initial size, a flaw can grow to critical proportions
through such mechanisms as fatigue or stress corrosion. A
material's toughness must be great enough to enable it to
tolerate any flaw growth that will occur during the design
life of the structure.

Steel inspection programs must be established which will guarantee
(within certain statistical limits) that no flaws larger than a
given size will remain in the inspected areas after inspection.
This would allow designers to assume a maximum flaw size and
employ fracture mechanics design theory (Equatlon (11y), if
desired.

The Transportation Laboratory's current research program will
include a project devoted specifically to the statistical
determination of probable minimum detectable flaw sizes for each
of the nondestructive testing methods used by this Laboratory.

It is the current practice of this Laboratory to rely primarily
on radiographic and ultrasonic inspection of joints in primary
load-carrying members. Supplemental inspection using dye
penetrant and magnetic particle methods is also available. It
must be realized, however, that in the case of large structures
the cost of this inspection can sometimes limit its application
to only ten percent of each primary weld in the structure. Thus
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It is clearly seen (Figure 11) that four primary test conditions
affect fracture toughness measurements; 1) notch root radius,
2) thickness, 3) strain rate, and 4) temperature. No absolute
values are cited for thickness and strain rate: conditions
because further research is needed in these areas.

7. | Thru-Thickness Yielding Criteria

The level of toughness necessary in a material to enable it to
perform as intended is subject to controversy. One criteria,
mentioned earlier, attempts to insure plane stress conditions
or, in other words, thru-thickness vielding of the member.

‘This theory is based on work by Hahn and Rosenfield (6}, who

observed that a significant increase in the rate at which

‘thru-the-thickness deformation occurs in a plate is realized

when

KIc = oy V%, where: KIc = ksi Vin Eg. (17)
oy = ksi
t = inches.

The level of toughness defined by Equation (17) should, there fore,
insure the conventional yielding type of failure and minimize
the probability of sub-yield stress fracturing at service
temperatures equaling or exceeding the temperature of the Kre

' determination. This K1, value represents the highest value

for which a plane strain failure mode governs, and, presumably,
was assumed to equal the Kio "upper shelf" toughness value
when used by the Rolfe, Gensamer and Barsom (19) as the basis
for CVN upper shelf values.

They also applied the thru-thickness yielding criteria to their
empirical relationship (Equation (14)) between Kyo and CVN values
from the "transition" temperature regions of the CVN and Ky,
versus temperature curves.,

Thus, two criteria for toughness adequacy were proposed in terms
of Charpy V-notch impact energy absorption. The validity and
practicality of each of these criteria are further discussed -
in the Appendix. If the Kie values calculated from Equation (8)

(using temperature dependent values of dgy) are plotted on the

Kia Versus temperature grid, they fall near or above the projected -
upper shelf for the Ko (measured) values. This suggests that
the thru~thickness yielding criteria, if met, should insure
upper shelf (very ductile) behavior.

[
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The followihg expression was found to relate transition zone
PCI energies to transition zone Kygo values for the seven heats
of A514/A517 steel investigated herein;

2
Kic

=% = 18 pcI, | Eq. (16)

" where: KIc = psi Vin
E = psi
PCI = ft-1b.

The graphical presentation of this expregssion as it fits the
test data is shown in Figure 31 of the Appendix.

The ability of PCI values to correlate to Ko measurements comes
as no surprise because both tests utilize a precracked test
specimen. '

As in the case of the V-notch specimen, a favorable alternative
to the expression of PCI test results in terms of energy absorp-
tion (foot-pounds), is the measurement of the lateral expansion
(LE} evident in the broken Charpy specimen halVes. This
measurement is especially useful in the case of the PCI test,
where a 1:1 relationship has been found to exist between PCI
energy absorption and lateral expansion (Figure 10) for the
A517 steel studied herein.

6. Toughness Testing Summary

The ideal toughness test would include the following features:

a. a specimen of small size and simple geometry for economy
" in machining ' -

b. a notch effect in the form of a precrack

c. adequate thickness to provide a state of stress similar

to that encountered in that particular service situation

d. a crack tip strain rate equal to that produced by service
loads
e, a testing temperature equal to or below the lowest expected

service temperature.
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VII., APPENDIX
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" V=notch épecificarion of 22 ft-1b.

 PREFACE

ASTM Specification A517, as rev1sed in 1970 has a. requlrement for

‘.Charpy V—notch 1mpact testing. " The criterlon for compliance is 15 wmils of

lateral-expanslon at ‘the temperature specified on the order but no higher than

plus 32°F. ASTM Specification A514, revised im 1970, which provides quenched-

- and-tempered steel.plate for bridges (and other applications) has no toughness

requirement.

. The 15-mils lateral-expansion requirement is based on research, first

atr Lehigh Universitf;'and more recently at the U.S. Steel Applied Research

. Laboratory. For one-inch-thick A514/517 plate at 100 ksi yield strength,
'iS'mils.approximately eorresponds_to the Charpy V-notch impact energy for

' through—thicknese'yielding}' However, for A514/517 plate of thickness greater -

than 1 inch, this'oriterion has no more significance than an arbitrary Charpy

N

State of Calrfornla‘brrdge desrgners are.seeking a more conservatlve
toughness requlrement that Wlll give a degree of quallty assurance that the
spec1f1cat10ns presently do_not provide., The study descrlbed in this report
was focused on the findings and.recommendations of U.5., Steel researches

that went beyond the arbltrary 15-mil lateral—expan31on criterion; the

: U S Steel researches proposed criteria based on the joint consideration

of yleld strength and plate thickness. ‘The objective of the studies was to

'establish a toughness crlterlon which would minimize the possibility of
brittle fracture in critical structural members by utilizing the fracture-

lmechanlcs concept of through—thlckness yvielding.
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FRACTURE TOUGHNESS OF HIGH STRENGTH STEELS USED IN BRIDGE CONSTRUCTION

SUMMARY OF FINDINGS

K : Pﬁrpese and scope of the stud ..,The objective of thie-ptOgram was to
'.‘.ﬂf i (1) investigate the pdssibility of a 1:1 correlation between.the-ttansition

. | temperatures as indicated by'preerack—Charpy'and compact-tension tests of

ASTM A514/517 steel, (2) verify an empirical relationship between Charpy 1mpact.
test resylts and plane—straln fracture toughness (K ) as reported by the

U.S. Steel Applied Research Laboratory, and (3) evaluate the concept of through—

the~thickness yielding as an acceptwreject criterion for steel procurement.

0f seven steels ievestigated two ‘were ASTM'A514 -F, one was A517—F
two were AS14-H and two were A517*H w1th four of the steels from Lukens and
three from U.S. Steel. Except for one‘2—1n.—th1ck A514-H plate, all were
2-1/4~in. thick.’ The steels were tested using ASTM E399 compact—tension
specimens and procedute and using standard Charpy (10-mil radlus) Vﬂnotch
impact and fatlgue—precracked Charpy 1mpact test,speelmens. Each.speclmen .
type was to be tested over a sufficient range to encompass the ductlle-to-

brittle tran31t10n-temperature range.

_Corfelatidn‘bf'preerack'Charpyjiﬁpact'andestatic‘eompaététeﬂsion

transition temperatures. The displacement between precrack Charpy impact .

‘transition curves-and'compact—tension KI transitioen behavicr varied markedly
from heat to heat in the seven steels 1nvest1gated in thls study. One steel,
- a heat of A517—F (Lukens Plate A), indicated a dlSplacement of 240°F, and
- another steel, a heat of A514-F (U.S. Steel Plate M), indicated a dlsplacement
of 160°F. The other fonar steels (1nc1uding ‘heats of A514~F A514-H and A517-H)
. had tran51t10n-temperature dlsplacements of 50 to 80°F. One heat of A517—H
'(Lukens Plate Q) was ‘ancmalous in its behavlor in that it showed no transitlon
#42..- . in either compact~tenslon tests run between 0 and plus 200°F or in Charpy tests

between 0 and plus 360°F.
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The marked dlsplacement between precrack Charpy 1mpact tran51ti0n curves
and K transition behavior of the steels of this investigation could not have
‘been antleipatedffrom‘the U.S. Steel researches. Although Sheemakef and Rolfe
.'iclearly_Showed e-ﬁarked’rate-of—IOading effect in three of the steels they
”investigeted (A36 ABS-C and.ASOZB); the effect was not great in the one heat
:of A517-F steel 1nvest1gated (see Table 1). As a result of extreme strain-

Tate sen51t1v1ty of some heats of A517/514 steel, one cannot predict the

HE
13

FEE temperature at whlch the statlc compact-ten51on K Te transition will occur

!.;f" ” . based on Charpy 1mpact tests alone.

Empirieal"upper—shelf'CVN—KIé correlation. U.8. Steel researches

Which'evqlved.an empirical correlation between standard Charpy V-notch impact

';enefgy_vaiues'end static plane-strain ;. values involved a single heat of
A517-F steel (heat 73A377)"'The KI- testing was done with bend specimens.
o Some of the spec1mens upon which the correlation was based were valid K

Ic

- tests accordlng to ASTM E399 crlterla' however, the particular U.S5. Steel heat
- of ASl?—F used in their: researches was far too tough to permit valid KI
imeasurements in the thlckness of the available plate. Nevertheless, the

7.8, Steel-ASl?—F-data complied with the emplrlcal relationship
(ICIc/FT.Y)Z_ = 5 (CVN-FTY/20)/FTY

. When Charpy V#notch ey shelf-energy values as determmned in this
1nvest1gat10n of seven 2—1/2~1n. thick plates were used to calculate KI
the values were significantly higher than those measured at the highest
. temperatures teeted in cempacﬁ teqsion.e'This was hot'unexpeéted because at
.the highest temperatures investigated in compact tension testing, the frecture
téughness.ﬁes generally too high to permit valid Kic measurements in Zhl[ébin.j
- thick plate. Moreover, with one exception, the A514/517 heats investigated
. were strain-rate sensitive and, therefore, the Charpy V-notch impact shelves

occurred at relatively high temperature. At such temperatures, it was not

' possible to'obtaiﬁ valid Kic date in 2-1/4~in.-thick plate.

drC . In two heats pf'ASlﬁ—F steel (U.S. Steel plates L and M) where the CVN

upper shelf occurred beldwe75°F,:it was pessible to compere the calculated
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“and measured Kie values at a _common temperature, viz., plus 75°F., The

"comparison is shown in the follow1ng tabuletion..

| Yield | CVN“Impact . galc, easured 2=in Comgact Tension
- Plate Strenmgth ~ Temp. Energy _Iec | Temp. 2.53(KQ/FTY) _%
No. {ksi) (CF) o (fe=1b) 'f(ksi—in;2)"(°F) (in.) (k51-1n
S M(zU)Y 118 - 475 67 190 +75  2.86 125.2
< L(zv). - 109 - +75 78 200 +75 3.27 125.7

} "From the above; it will be seen that at plus%75°F the'toughness was' too great
e o for a valid Krc measurement in the 2-1/4-in. thick plate and, therefore, the
‘ measured values were low as compared with the calculated values based on the

upper-shelf correlation.

Appllcatlon of the upper—shelf CV'N—K c:orrelat:.on was restricted by strain-

"'rate sen31t1v1ty. As a result of stra1n~rate dlsplacement, the temperature corres-

pondlng to the CVN upper—shelf was we;l above the static compact-tension KIc transi-

tion temperature. -In practice, if an estimate of KI is desired as a particular

serv1ce temperature and the CVN upper-shelf occurs at a hlgher temperature, the KIc

estimate based on the CVN—K c _ upper-shelf correlation may be meaningless in terms of
' - the actual K_ '?at thes 1owest aﬁtieipated“service temperature. For example, if the

Ic
transition in K behavier from 1ow—toughness cleavage to high-toughness dimpled

© rupture were toIstart at or above the lowest ant1c1pated service temperature and
. the CVN impact upper-shelf were to Occur at a higher temperature, the estimated KI
. value based on the CVN upper—shelf Would be unreallstically high in terms of the
KIc value at the service temperature, If, on the other hand, the K 1. Cemperature
Ctransition: occurred Well below the specified service temperature, or if the CVN
Hupper shelf oecurred at or beélow the specified service temperature, then the esti-
mated KI value based on the CVN—K upper—ehelf correlation would be useful. Thus,
: proper use of the upperushelf correlatlon requires that Charpy data be taken at the
e lowest -anticipated service temperature and one other higher temperature; if the
measured -CVN impact value at the lower temperature is not an upper—shelf value,

" the upperhshelf eorrelatlon should not be used.,

Trans1t10n—temperature~range correlatlen. The U.S. Steel researches indicated

_ an emp1r1cal relatlon between CVN and KI in the low and tran31tlon-temperature
R o range. Thls relation - _ '
.KIcz - 2(CVN)3/2

*;'was_baeed on data from five structural steels having room—temperatﬁre yield strengths T;
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:l-ranging frcm 39 to 246 ksi The‘steeie ineluded one heat of A517-F and two 1nw—
- strength,hlghly straln-rete-sen51t1ve structural steels (ABS~C and -A302-B).
_Scatter in the U S Steel correlatlon results were attributed to loading-rate
._reffects. When valid KI data from the seven A514/617 steels of this investigation
were compared with the U.S. Steel findings, the usefulness of the U.8. Steel KI -CVN
tran51t10n—temperature—range correlation was verified. Precrack Charpy impact {PCI)
data also were examined to eliminate the notch—acuity difference between the

'compactwtension and the Charpy testlng. The following expression represented the

10wer bOund of the scatter in the- KIC—PCI plot:

KQ%/E = 18.(PCI)

;;?: ) :"h.'_ Through—thlckness yleldrgg;criterlon. U.S. Steel investigators have
A : proposed a through—thlckness—yleldlng criterion for acceptable toughness based
on linear-elastic fracture mechanics concepts, utilizing the findings of a
1.study by Hahn and Rosenfield for the Ship Structure Committee. . Hahn and.
_Rosenfleld found that surface—dlsplacement measurements indicated an increase
-1n the rate at Whlch through—thlckness yleldlng accumulates relative to 1n~plane

_deformatlon when
. “ .2" . . . .
-(K/FTY)__ /B >1.

Hahn and Rosenfleld ccncluded that this inerease in rate may serve to 1dent1fy
a practical upper bound to“the_plane-straln.regime. The U.S. Steel 1nvestlgators
"‘used the quve expreesion-fqr thfough—thickness yielding and combined this

expreseion with the upper-—shelf correlation equation to give
CYN = FTY(B + 0.25)/5

The through—thlckness-yleldlng crlterlon as proposed by the U S. Steel
1nvest1gators is appllcable for steels developlng full shelf energy in the
A 1”.: ) Charpy test at or belew the lowest ant1c1pated service temperature. Five of
¥ - " the seven steels 1nvest1gated did not develop upper shelf energy until the test
‘ltemperature was above plus 200°F and, therefore, the questicn of whether they
" met the proposed criterion is academic from the standpoint of bridge construction.
 Two of the seven A514/517 steels developed shelf energies in the range of normal . .
Vfbridge‘service;.these;were Beth U.S. Steel AS14F plate and met the through- |

- thickness*yielding eriteriOn based on the Charpy V-notch impact shelf energy.
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-Aslau éitérﬁétive torfﬁé'CVR-uppef?éhelf correlation,-the tfansition*"
temperature—range correlatlon was considered as a basis for establishing a
through—thlcknesShyieldlng criterion. When Hahn and Rosenfield's expression
‘was combined with the U.S. Steel transition—témperature correlation, thé

'folloW1ng relatlonshlp was obtalned as a ba51s for a through- thlckness—yleldlng
'_crltericn. |
FIY? = 2(CVN)3/2 E/B

Both of the heats use@ in the U.S. Steel researches met this critefion.
'However,-in this study, only.two of sevén steels investigated, viz., U.S. Steel
A514-F plates L aﬁd M, met this ecriterion for through*thicknessryiélding. As

a further check on the usefulnees of this criterion, Charpy data from nine

A i—l/Z?in. plates of U.S, Steel A517-F were evaluated as to their compliance‘
with the criterion; eight of the nine heats were indicated to have sufficient

,toughness'for through~thickness jielding.

;The usé of:Charpy V?notbh-(lo—mil radius) specimens for pufposes of

estimating K. values is unconservative in the case of the occ351onal heat of

Ic
steel which is markedly affected by notch acuity. To assure a conservative
criterion, Hahn and Rosenfield's expression was combined with a lower—bound
PCI—~_KIc relationship to give the following through-thickness-yielding criterion

"in terms of precrack Charpy impact energy:
PCI = B °+ FTYZ/18E

For a,plate'thickness‘of 2-1/4 in. this expression indicated the following

minimim precrack Charpy energy levels for through-thickness yielding:

Yield . Through~Thickness Yield

Thickness . " Stremgth ‘Minimum PCT Enersy
Gn.y - (ksi) . (ft-1b)
2-1/4 100 _ ' 43
110 . 51

120 o 60
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l‘OﬁI&”ﬁ 5"S£ée1 A514;F plate'M came close to meeting this criterion for
- 2-1/4-in. thick plate, plate L was partlcularly sensitive to notch acuity and,

c0nsequent1y, falled to meet this criterion even for l-in.—thickness. The

A517-F heat used in the U.S. Steel research’ ltested with precrack Charpy impact

.did not -meet the fequirement'for“z—ih.—thick'plate. When pfecrack Charpy impact
. data from nine-l—i/Z*in.~thick'plates of U.S. Steel AS517-F were evaluated
V_I,as to their comp11ance with the criterion, eight were 1nd1cated to have_

: suff1c1ent toughness for through-thickness yielding.

When the plane—stress plastic-zone-size expression was used as a basis

?.for establishlng thrcugh—thlckuess yleldlng, the following criterion evolved:

W/A = FrY? . 277 B/E
where W/A is the precrack Charpy impact test result in units of in-1b/in.”.

This expre551on, for all practlcal purposes, indicated the same precrack Charpy

.1mpact values for through~th1ckness yielding as the relationship based on the

~work of Habn and Rosenfleld.

-

‘Conclusions. The seven ASTM A514/517 steels 1nvestlgated shnwed marked

heat~to-heat variations in fracture behavior and, with one exception, markedly
© poorer fracture behavior than the two heats of ASTM A517-F used 1n the U.S. Steel '
'researches. Heat—to—heat variations in the extent of strain-rate embrlttlement
" ‘precluded a 1:1 correlatlon between precrack Charpy impact and static compact-
:tenslon transition behavior. The empirical KI —CVN relatlonshlp repcrted by
‘U.5. Steel based on upper-shelf Charpy energy values could not be used in five

-of the seven steels tested because the Charpy upper shelf occurred well zbove .

bridge—serv1ce temperatures._ The through~thickness-yielding criterion proposed

by U.S. Steel investigators utilizes the upper-shelf correlation; therefore,

. th1s crlterlon is only applicable for steels developing full shelf energy in the
" Charpy test at or below the lowest anticipated service temperature. The through-
e;thlckness—yieldlng concept was evaluated using KI ~CV N transition-temperature
3:correlatlons useful criteria vere established based on both the standard Charpy

‘ 'V—notch and the precrack Charpy 1mpact tests.
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. INTRODUCTION

PurpOSe'of'the"Stﬁdy

The objectlve of this program was to (1) 1nvest1gate the
p0331b111ty of a 131 correlation between the tran51t10n temperatures as
: rlndlcated by precrack—Charpy and compact-ten31on tests of bridge steels,
(2) verify an emplrlcal relatlonshlp between Charpy impact test results and
plane—straln fracture toughness (K ) as reported by the U.S. Steel Applied
_Research Laboratory, and- (3) evaluate the concept of through—the—thlckness

'yleldlng as an- accept-reject criterion for steel procurement.
Background

. -
B Investlgators at the U.S. Steel Applied Research Laboratory ¢ _6)
“have reported that static plane-straln KI fracture toughness values correlate

£y

f with:

1) precraek Charpy slow-bend (PCSB) data,

(2) Charpy anotch {cv) 1mpact data in the tran31t10n—
temperature region,

(3) CYN impact data in the upper-shelf region, -

--and that dynamic plane—straln K fracture toughness values correlate with:

Ic
(l) precrack'Charpy impact (PCI) values.
L

Rolfe and Gensamer found that a KI —€VN correlation exlsts for

'steels having yield strengths greater than 110 ksi when tested at plus 80°F,

a temperature which produced full shear behav1or in their steels.

(2)

+ Barsom and Rolfe showed that a KI temperature tran51t10n exists

for A517-F steel that is 1ndependent of specimen thickness (Flgure 1), In

_ addltion to KI bend testlng, standard Charpy V-notch (CVN) and precrack Charpy

-——-w——wu—————--—-——_——

“(1) S. T. Rolfe and M. Gensamer "Fracture-Toughness Requlrements for Steels"
.- AD 835 923L, 20 Sept. 1968.

€2y J.M. Barsom and S§. T. Rolfe- "R Transition-Temperature Behavior of A517—F
Steel" AD 846 124L, 29 Nov, 1968, and ENGINEERING FRACTURE MECHANICS, 971,
Vol 25 DP. 341-357.
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.4'éloﬁ-bend'(PCSB) an& impéct (Pci) tests were made. From fractographié analysis,

it was shoﬁn that in both'the'KIc tests and Charpy tests, the transition was

_aSSociated with'aséhange'in fracture mode from quasicleavage at cryogenic tem-

Vperaturé to dimpled rupture at rcom&témperature. The plots of energy absorption,

. .. percent shear, and'1ateral'expansidn'are shown in Figure 2. A 50°F increase in

transition temperature'was indicated as a result of the higher strain rate
aésdciaﬁed'with‘impact'as compared'with slow bend (0.025 in. /minute) The
:1nvestlgators also made the observatlon that the static planenstraln KI trans1t10n-
'temperature range was the same as that defined by fatigue—-cracked slow-bend Charpy

%
‘tests .

A procedure was proposed by—the U.S. Steel 1nvest1gators for predicting

”the dynamic KI behavior of a material by Shlftlng static K_ test data along the

Ic
temperature axis by the same amount as the static Charpy (PCSB) ‘energy values

are shlfted by impact testlng (PCI). Shoemaker and Rolfe( )

studied the effect
of loading rate on the-KIc-of seven Structgral steels. The shift to higher
temperature produced by impact loading when PCI and PCSB tests are compared is
shown in Table 1. The results confirmed the gemeral observation that low—strength
steels are the most straln~rate sensitive. Dynamlc KI data were obtained by

. 1mpagt1ng straln—gaged 3-point bend specimens with a falling weight. It was shown

" that the dynamic KI behavior of the various steels investigated could be predicted .

 ‘from static KI data by adjusting the latter along the temperature axis by the

.amount that fatlgue—precracked Charpy slow—bend (PCSB) and 1mpact (PCT) data were

"dlsplaced from one another (Figure 4).

Barsom and-Rolfe(4) later confirmed the observation that the onset
-of the temperatﬁfe transitiorn for static (slow~bend) and dynamic KIc data occurs
at about the same temperatures as the onset of the temperature transition for

fatigue*cracked-Charpy“slow4bend and impact data, respectively. In discussing

the observed correlations, Barsom and Rolfe point out that to attain such a

- *When Aerojet investigators compared the U.S. Steel data from static Ki. and
Charpy tests, the temperature transition for the static Kre and PCI tests

"~ appeared to nearly coincide (at approximately -120° F) inspite of the difference
in rate of loading (Figure 3).

(3) A.K. Shoemaker and S.T. Rolfe, "The Static and Dynamic Low-Temperature
- Crack Toughness Performance of Seven Structural Steels", AD 846-126L,
. 29 Nov. 1968, and ENGINEERING FRACTURE MECHANICS, 1971, Vol. 2, pp. 319-339,
(4) J.M. Barsom and S.T. Rolfe, "Correlations Between Ky. and Charpy V-Notch
' Test Results in the Transition-Temperature Range', IMPACT TESTING OF METALS,
- ASTM STP 466, 1970, pp. 281-302.
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' S Table 1 - Increase in Transition Temperature as a Result
e ' ' . of Impact Loading Steels of Various Yield
R : o L Strengths (Ref. 3). .

7 . 7 Shift in
- Yield Transition -
: . L Strength - Temperature
" ‘Steel (ksi) (°F)

-7~:A_ A36 R 37 160
ABS-C 39 140
;;Asozh | 56 130

HY-80 . "84 gy
CASI7-F 18 60
HY-130 137 | 0

18 Ni (180 * 180 0
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~with an expression from the work of Hahn and Rosenfield

' correlation, the effects of both notch acuity and strain rate should be considered.

Thus, the energy—absorption:data obtained with slow bend fatigue-cracked Charpy

(PCSB) specimens were compared with data obtained with slow-bend K specimens,

and the data obtained w1th dynamic (1mpacted) fatigue-cracked Charpy (PCI)
'ispec1mens were compared with dynmamic K speclmens. Figure 5 shows these com-

:parlsons' note that the emplrlcal correlatlon between slow-bend K. and PCSB

Ic

' ’test results is the same as that between dynamic K and PCI test results.

(1,2,4,5) also investigated_the‘possibility

The U.s. Steel researchers
of empirical KI -CVN correlatlons. In this connection, they pointed out that the
most widely used tests (in screenlng and specifications for toughness) are the
static KIe test and the standard Charpy V-notch- {(CVN) impact test, These two

test specimens have different notch acuities and are tested at different loading

- rates, Nonetheless, because even approximate correlations would be useful to-

the materialsfengineer,gtest results for these gpecimens were compared. The
empirical correlation; based on tests at +80°F which corresponded to the upper

shelf in the CVN impact testing oflthe.U.S.'Steel materials and dimpled rupture

“in the static'KI Specimens; is shown in Figure 6.

(6)

"Grdss carr1ed the correlation one step further. He combined the

upper;shelf correlation 'of Barsom and Rolfe

-(KIEZFTY)Z? 5 (CVN - FTY/20)/FTY = W
€ |

1/2

Ky = FIY * B 2)

where KIc is the plane-strain stress intensity for through-thickness yielding.

“The combination of these expressions resulted in the following simplified equation:

CVN = FIY (B + 0.25)/5 _ (3)

‘-—....'.-—_-———-'_-—__—_m-

“‘(6) J.H. Gross,-"Effect of Strength and Thickness on Notch Ductllity", IMPACT

TESTING OF METALS, ASTM STP-466, 1970, pp. 21-52.

'(5) S.T. Rolfe and S.R. Novak "Slow-Bend Kic Testing of Medium-Strength High-

Toughness Steels', REVIEW OF DEVELOPMENTS IN PLANE-STRAIN FRACTURE TOUGHNESS
TESTING, ASTM STP 463, American Society for Testing and Materials, September
1970, pp. 124-159. -
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H”jfiThis is the concept of through—thlckness yleldlng as a basis for establishing

. a minimum Charpy V-notch 1mpact energy level.,

In te:ms'of 11near~elast1c fracture mechanics, the condept of
' through-thickness ylelding is the same as saying that the crack-tip plastic
- zone must be equal ‘to the thlckness of the plate. Under plane-stress conditions, °

.the plastlc zone is estlmated to be

. T, = '(Kc/FTY)2/27T ‘= B (4)
-and in piaﬁe strain
?P = (KIc/FTY) /6TF = B (5)
e (8)
An expression suggested by Wells

W/A = 47T FIY® B/E | (6)
 can be derlved by substltutlng EG = sz"in equation (4) and using the precrack
Charpy W/A value as an. approxlmation of G o i.e., E(W/A) = K 2 The coefficient

of 4 T in equation (6) appears to be & compromlse between the 21T coefficient
for plane stress (Equatlon 4) and 6 TT for plane strain (Equation 5). Gross(s)
rejected eéuation (6) proposed by Wells as requiring unrealistically high Charpy
“#alues and used equation (2) as determined by Hahh and Rosénfield. If the

" plane—Stress coefficient 2 TT had been used by Wells, equation (6) becomes
WA = 2 TF Fry? BJ/E | NS

which is a less comservative expression than equation (6)'but more conservative
than equation as used by U.S. Steel. With through-thickness yielding, a
"plane—stress condltlon will prevail and, therefore, the 2 T coefficient of

ZSEquatlon (7) is the more realistic choice.

(7} G,T. Hahn and S, R Rosenfield "Plastie Flow in the Locale of Notches and
. Cracks in Fe-3Si Steel under Conditions Approaching Plane Strain', Final
Report 88C-191 on Ship Structure Committee Project SR-164, "Local Strain
_ Movement', Nov 1968.
'(8) A.A, Wells,;"Fracture Control of Thick Steels for Pressure Vessels",
The British Weldlng J0urnal Vol. 15(5), 1958, p. 221.

11
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o _ _ Rolfe and Novak( ), u51ng four—point bend*test sPecimens, addressed
' themselves ‘to the problem of measuring toughness in medium-strength steels. All
but one of the eleven steels investigated had yield strengths below 200 keadi,
‘.including ASl7—FTat 110 ksi.  For purposes of studying the limitations of
f 11near—elast1c fracture mechanlcs, a series of slow-bend KI tests were con-
ducted on several’ steels. Because their materials were limited to a maximum
‘of 2-in. thickness, only flve of the eleven steels investigated included tests

_ which met the ASTM requlrement that
B> 2.5 (RQ/FTV)? < a

'Furthermore, only six of the eleven steels met the ASTM bend requiremerit for

- speclmen depth, viz.,
W2 5 (Ro/FTY)?

Thus, tests of five of the eleven steels, viz., ASL7-F(AM), 4147(AM), HY-130T(AM),
“and 12N1—50r—3Mo(VM) in two heats, did not meet the ASTM Committee E-24 size
"requirements, Nevertheleas, the data from all eleven steels conformed to the

g telationship of equation (1) as shown in Figure 6.

Begley and Toolln(.> confirmed the upper—shelf relationship by

-addlng two valid data p01nts from 1ntermed1ate—strength NiCrMoV rotor steels.
The upper—shelf KI values for the-N1CrMoV steels were in excellent agreement
Wlth the Rolfe-Novak upper-shelf correlatlon as shown in Figure 6 (see plotted
.squares).. The Westlnghouse investigators qualified the correlation as applying
to materials not'significantiy'strain—rate.aensitive.

(4)

In addition to the upper—shelf relatlonshlp, Barsom and Rolfe
~ showed that an emp1r1ca1 correlation exists between standard CVN 1mpact test

data and statlc KIc on thé low side of the transition-temperature range. The

'relationship, bazed on data frOm five steels (ABS c, A302 B, A517—F HY~-130 and
f[lBNl'ZSO is given by

3/2

R /B = 2em ®)

' (9) J A. Begley and P.R. Toolin, "Fracture Tcughness and Fatlgue Crack Growth
' Rate Properties of a NiCrMoV Steel Sensitive to Temper Embrittlement” presented
- -at the Fourth National Symposium on Fracture Mechanics, Carnegie Mellon
. University, Pittsburgh, Pa., August 1970. '
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" The éiow?ﬁend Kie tests for tﬁESé;steéls were conducted in the transition

region and satisfied the ASTM E-24 requ1rements for K testing. However,

' the data used to establlsh the relatlonshlp exhiblted con31derable scatter
(as compared with Figure 6).

(10)

Corten and Sailors using pressure~vessel steels such as A533-B

'and ASl? F establlshed a dlfferent correlation, lndlcating the follow1ng
_.emplrlcal relatlon

k. = 15.5(vm"/2 | 9)
" which 1is numerically equivalent to

.2 ‘ _ . : .

K, /R = s (10)
oThey'found‘the above expressions to provide a good empirical representation-of

" the relation between static Ki' and: CVN impact for thick-section steels in the
range of 5 to 50 ft-1b as measured in the transition-tempersature range. Corten
ahd Sailors found the relatlon by Barsom and Rolfe to underestimate KI at low

at hlgher values of CVN.

values of CVN and overestlmate KIc

" PROCEDURE
-Materials

The materials selected for study are listed in Table 2.‘ The basis
for'selection was a wide range of nil-ductility transition (NDT) temperatures as
indicated by the precrack Charpy impact (PCI) test. |

o ‘Tension tests (0f505—in. dia) were conducted at temperatures encom-
:passing the transition temperafure-raﬁge as indicated by PCI tests. The tést

"'results_are shown in Table 3 and are plotted in Figures 7, 8 and 9.

-—m me e e Er e Ee mm v R mm omm mE M e e

X (10) H.T. Corten and R.H, Sailors, "Relationship Between Material Fracture
R Toughness Using Fracture Mechanics and Transition Temperature Tests”,
‘University of Illinois Department of Theoretical and Applied Mechanics,

Report No. 346 August 1971 (UCCND subcontract 3398 for Oak Ridge Natiomal
: Laboratory)
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ASTM

L E

.. Plate -

Table ‘2 - Materials Investigated

Heat

Estimated -

www . fastio.com

4%

- Spec,’ No.  Code . Thickness _‘Source _No. | NDT (°F)
- AS14-F - Moz 2-1/2 U.S. Steel  92L088-10W2 -90
a L - (zv) 2-1/4 - U.S. Steel 97L168-06W2 ~20
ASL7=F A (zw) 2-1/4  Lukens B9893-2C +40
. AS14-H R (ZX) 2 ‘U.S. Steel 07919-03WL  -40
CASL7-H Z (ZT) 2-1/4 - Lukens B9093-4B -10
S AL (V) 2-1/4 " Lukens - A4071-6 +60
Q - (2Z) 2-1/4 Lukens C4913-4 > 200
Table 3 - Ten51le Strength (0. 505—1n ‘dia) and Ductlllty
:as a Function. of Temperature
= : - _ Test ' Yield Uit.
ASTM " Plate " Spec. Temp. Stress Stress Elong. R.A,
Spee No. . ' Code_ ' (%F) © (kei)  (ksi) ) ()
A514-F M zu -320 176.2 - 176.5 22.8 52
' -100 | 123.1 135.0 23.4 64
~20 1120.6 130.6 21,8 67
L A -100 117.8 130.3 23.0 67
- ~30 112.8 126.1 23.0 65
_ +40 110.6 122.1 22.7 67
AS17-F . A oW -80 112.6 128.8  20.5 58
+40 107.6 122.1 20.4 60
+160 101.8 115.6 19.6 61
AS14-1 R 2X ~100 122.1 134.8 20.6 58
o ~14 116.8 129.1 19.9 62
RT 113.8. - 123.8 19.0 62
A517-H z ZT -100  124.8 139.3 21.5 59
' -40 121.8  135.3 20.9 61
+20 119.8 ° 132.3 20.3 1.
AL 7Y -80 107.8 126.3 20.6 57
' +40 104.8 1120.3 19.5 57
, 4160 100.3 114.6 18.9 58
Q 77 -40 118.1 134.3 16.7 b
' RT - 111.8 126.8 16.7 49
+210 108.8 '121.8 15.7 47
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Charpy Impact ‘Testing

The standard Charpy V—notch (CVN) impact specimen was machined and
tested in accord with ASTM E23~66._‘

The precrack Charpy 1mpact (PCIL) test is not an ASTM standard test;

'however, its development as a research test method dates back to the mid

(11~ 16)

1950's « In the‘last decade’ it has been put into increasing use because
it is consistent-with the fracture mechanics concept of testing with a natural
' crack, and, like the standard Charpy V-notch impact specimen, it is highly

" sensitive to metallurgical variables affecting fracture toughness and economical

in terms of the amount of material requlred, the low cost of machlnlng and the

ease of testing over a w1de range of temperature.

Contrary to the observatlon of some investigators, one cannot count
on a unlform displacement between the CVN and PCT transition curves. In some
materlals, the dlsplacement between the curves can vary from 40 to 100°F from
heat to heat in a given comp031t10n type. In that the PCI test With a natural
crack can be expected to indicate the hlgher transition temperature, the PCI

test was used as a qualltatlve test for screening the steels of this 1nvest1gat10n

‘and as a. basis for comparison with the static K tests.,

Compact TEnsiOn Testing - f . S .

A tentatlve test method for determlnlng the plane-strain fracture

i toughness of metalllc materlals is 1nc1uded in ASTM Standards (£399-70T)

effectlve 19 March 1970. The test method includes both bend and compact

' tension; the compact tension specimen was used in this study. Figure 10 shows

the 2-in.-thick specimen.
The specimens were fatigue precracked in a Wiedemann (Satec) Model

Sf'lOU Fatigue Machine which is load controlled and operates at 1800 epm. With

"this system, a static load of 10 percent of the maximum fatlgue load was applied,
‘and - the fatlgue cycling ‘was done between the specified maximum and the static

- load. Speclmens Z1D, ZUD, ZVD, ZWD, ZXD and ZZD (one l-in.-thick specimen

from each of the steels not prev1ously tested) provided preliminary test data

‘to determine the approxlmate critical stress intensity of each steel and to

(li) C.E. Hartbower, "Crack Initiation and Propagation in V-Notch Charpy .Impact"
ASTM PROCEEDINGS, Vol. 56 (1956), p. 521; also WELDING JOURNAL, Vol. 36(ll),
p. 494-s, Nov. 1957.

' (12) G.M. Orper and C.E. Hartbower, "Effect of Specimen Geometry on Charpy Low-

. Blow Transition Temperature", WELDING JOURNAL, Vol. 36(12), Ps 521-s,
Dec. 1957.

. ’t- o ) :. o : 15
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Cod

J-'determlne if the stress intensity used in fatigue cracking complled w1th the
-requirements of ASTM E399, . These specimens were tested at the lowest temperature

ant1c1pated in the test program.

The stress 1ntens1ty for fatlgue cracklng the six specimens conformed
to ASTM E399 With the ‘exception of ZTD Based on the test results for the six
BT ' :speclmens, adgustments were made in the loads for fatlgue cracking the balance

'of the specimens.

'f   "' o ~ For the low-temperature testing, the l-inch thick specimens were
H submerged in.e mixture of methyl alcohol and dry ice for test temperatures

: berween minus 100 and plus 40°F§ 1iquid'nitrogen (LNZ) was used for testing
at *320°F.f_A'Checktronic Corporation temperature—controlled chamber was used
for'elevared temperature.testieg both the l-inch and 2-inch thick specimens,
as well as for cryogenic testing the 2-inch-thick specimen at temperatures below
‘minus 40° and the l—inch~thick's§ecimens at temperatures Below'minus 100°F.

" A thermometer #as‘used to monitor the temperature of the methyl alcohol and a
thermocoﬁple ﬁas-used for moﬁitoring temperature in the cﬁamber. The thermo-
couple was placed in the machined notch of each spec1men, out of the direct

-

path of the clrculatlug air.

The specimens were tested in a Wiedemann Baldwin 60,000 lbs. machine
u31ng a manual-controlled load rate. The desired load rate was obtalned by
~adjusting the load rate so the load-indicating poiﬁtér foliowed a moving circular
dial; preset to the deaired rate, ' |
A crack-opening diSplacemenﬁigage (Figure 11) was used for determining
the load (¥ ) for'calculating'the plaﬁe—strain crirical stress intensity. The
' gage was 9051t10ned so as to bridge the specimen preflaw by inserting the gage
lbetween knife edges machlned into- the face of the speclmen at the end of the notch.
o The partlcular crack-opening-displacement gage employed has been developed apeci—
| V'fically fer pop-in and siow—crack—growth measurements where very small changes
in c0mpllance are ant1c1peted The gage consists of a full bridge of electric
;;f‘; . resistance strain gages mounted on a double cantilever beam with the amount of
i flexure in the cantilever arms controlled by the thickness of the spacer between
R TR the arms at the base of the cantllever.

(13) G.M. Orner. and C.E. Hartbower, "The Low-Blow Transition Temperature . ASTM
PROCEEDINGS Vol. 58 (1958), p. 623.

(14) G.M. Orner and C.E. Hartbower, "An Engineering Evaluatlon of Notch Sensitivity
in High-Strength Sheet”, WELDING JOURNAL, Vol. 39(4), p. 147-s, April 1960.
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Computef'Program

ircomputer program ‘SA 017 dated 1/72.

- . shown in Table 4; the fcllowlng data were input to the computer:

‘The <computer printout includes, in addition to the critical stress—intensity

- value K(Q), ‘the following parameters specified by ASTM E399-72 to test the

" The. compact—tension ‘test results were evaluated by ASPC Univac 1108

=
b.
C.

d,
e,
£,
g.

specimeﬁ identification and test temperature

specimen thickness, B
yield strength, FIY

" cat room temperature, FTY
at test temperature, FTIYIT
specimen overall lemngth, LEWT
hole diameter, DIA :
edge of hole to. end. of specimen, LENH

(1)

{2}

RO

(3)

- £5).

(6)
(N
load
(1)
(2)

- (3)

i,
j..

(4)
(5)

crack measurements, A

An example of the computer prlntout is

machined chevron notch, Al
free surface, A2
1/4-point, A3

mid-thick., A&
1/4~point, A5

free gurface, A6
notch, A7

‘fatigue

fatigue
fatipue

fatigue

fatigpe

crack at
crack at

crack at
crack at

crack at

machined chevron
values, P
secant leoad, PQ

load at failure, PFAIL

Toad for initial increment of Ffatigue, PIF
load for final increment of fatigue, PF¥F
‘loading rate, PLR

fatigue crack increment, DELA

‘Young's modulus, YMOD

Valldlty of the measured stress-intensity value:

ACave) /W

.05%A (AVG)

VMAX ABSOLUTE. DIFFERENCE

' MINIMUM ABS. DIFF.

— - e o M el o o e W e S ek mm e em

{15) G.M. Orner and C.E, Hartbower, "Sheet Fracture Toughness Evaluated by
. Ibid., Vol. 40(9), p. 405-s, Sept. 1961.
. (16) G6.M. Orner and C.E. Hartbower, "Transition Temperature Correlations
in Constructional Alloy Steels", Ibid., p. 459~s, October 1961.

Charpy Impact and Slow Bend”,
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ratio of average crack length to specimen
depth shall be 0.45 to 0.55 (ref ASTM E399

par, 7.3.3)

5 percent of the crack length (see par.’ 7 2.3

and 8.2.3)

__the difference between any of the crack
.- length measurements shall not exceed 5%
. of the average (see par. 8.2.3)

no part of the crack front shall be closer
to the machined notch root than 5%
(see par. 8.2.3).
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| TABLE 4, COMPACT-TENSION PROGRAM, DEPT 4350, 1/72 SAO17.

'SPECIMEN ZVC AT MTNUS 100F

| INPUT FOLLOWS...
SOUT . ' '

¥ A So= .27510000E+01 .29080000E+01 .29900000E+01,
' . .30170000E+0L, .30070000E+01, = .29450000E+01, .27550000E+01,
. -B- - m -~ ,20030000E+01. :
.. DELA = .21000000E+00
DIA = - J10000000E+HOL
~ LENH = .49900000E+00"
. LENT = 4+ *.50010000E+01
CFIY . = © .10980000E+03
FIYIT = . .11700000E+03
PFAIL = - .30950000E+02
PFF = - ,11000000E+02
. PIF - = .16000000E+02
PLR = = . 30000000E+02
o PQ = .309500008+02
YMOD = .30000000E+05
. S$END S
A(AVG) 2.00567
CAAVG) /W .50117
R(Q) 74. 43505
K{IF) 33.17530
LEFE(Q) 41.91266
~K(FF) 26.45511
1.2E~3%YMOD . '33.78461
K(LR) . 72.15029
‘B(THEO) - 1.01187
 MAX ABS - A3<A4 .02700
- .O5%A (AVG) .10028
. MIN ABS A2-Al .15700
A2/A(AVG) ,95180
AG/A(AVG) .97025
PQ/P (FAIL) 1.00000

S 18
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7 AZ/ACAVG) 77 the length of crack at the free surface shall -

and/or A6/A(AVG) _ not be less than 90% of the average crack

' : ' length (ref par. 8.2.3) _
o . 1.2E—3*YMOD ‘ f_' therratio of the maximum stress intensity _
S ‘  DU . - used in the final stage of fatipue precrackinfl

to Young's modulus shall not exceed 0.002 in.
{ref par. 7.4.2). ‘ '

.6*K(Q) _ T 6”percént of the-measured'stress.intensity.

- K(FF) ‘ _ '_"- . the max. stress intensity in £étigue
' N precracking shall not exceed 60 perecent
‘of the measured KO wvalue (ref par. 7.4.2).

K{LR) _  specimens shall be loaded at a rate such that
. ' - ‘ - the stress intensity increases at a rate
within the range of 30 to 150 ksi-in.1/2 per
minute (ref par. 8.4).

B(THEO) : ‘ 2. 5'(KQ/FTY) shall be less than the thickness

(B) and less than the crack length LA)
(ref par.: 9.1.5).

PQ/P (FAIL) - the ratio of max. load to'load at failure
‘ shall not exceed 1.10 (ref par. 9.1.2).

TEST'RESULTS

Ihe plots of Charpy impact energy“(ftulh)_versus“test temperature
(°F)_f9r‘the seven steels are shown in Figures 12 through 18. Note that the
PCI'tést had the chéractéristié.of a well-defined inflection point (intersection
of two ‘straight lines) which has been shown pfeviously to provide an approximation
of the NDT temperature(;y){

The.well—défiﬁed-change'in the slbpe of the curve'relatiﬁé.preéféck
:fcharpy energy and test temperature is Substantiated by lateral expansion '
i %-_ _ o measurements, Figure 19 illustrates this in precrack Charpy‘impact_(PCI) test
;;; l‘- T'“ £ésu1ts‘from Piaté A (A517—F) A direct proportionality between energy and

(18 20)

_'1ateral expansion has been reported previously Figure 20 is a plot of

. _ '(17) WELDING HANDBOOK, Section 1, 5th Edlthn, Table 6.3, American Welding

o LT ‘Society, New York. '

B ~ (18) C.E. Hartbower and W.S. Pelllnl, "Mechanical and Material Varlables
Affecting Correlation", THE WELDING JOURNAL, Vol 29(7), p. 347-s,
Figure 15, July 1950. S

ClihPDF - www .fastio.com


http://www.fastio.com/

CM»Pnj—

"of energy versus lateral expansion was préviously observed by Orner

étéﬁdard'CHérPy V-notch (CVN) énd'ﬁrgcrack Charﬁy impact (PCI) ﬁersus lateral
ex?ansion measurements. The change in slope shown in the'prectack Charpy plot
‘ (21)

The_temperatures-corresponding to the inflectidn points in the PCI energy-

versus~temperature plots'are reported in Table 5. Note that the transition

-.temperatures ranged from mlnus 90°F for U.S8. Steel plate M to over plus 200°F .

for Lukens' plate Q

Table 5.- Approx1mate Nil-Duectility Transition (NDT) Temperatures
- Based on Precrack Charpy Impact Tests

‘Steel o NDT (°F)

- M. -90

R . ~40

L -20

2 - -10

A +40

AL +60

Q > +200

Compact Tension Test ‘Results

The data obtalned from the 1~1n.—th1ck compact tension tests are
ahown in Table 6, and the data from the 2-in.-thick compact—ten51on tests are
shown in Table 7. YNote that at the higher test temperatures, ASTM E399 test

réqgiremeﬁts for thickness and crack depth

B2 2.5 CKQ]FTY)«z Sa

:-were v1olated in a number of tests because of the program requlrement to test at

"temperatures above the tran51t10n range.

_........'_-___..._-..__'___'__.___...

,;,(19) C.E. Hartbower;'"The Poisson Effect in the Charpy Test'", ASTM PROCEEDINGS,

Vol 54 -(1954), p. 929.

- (20) J.H. Gross and R.D. Stout,‘"Ductlllty and Energy Relations in Charpy Tests

of Structural Steels™, THE WELDING JOURNAL, Vol. 37(4), p. 15l-s, April 1958.

(21) G.M. Orner, “Charpy Brlttle—Fracture Transitions by the Lateral Expansion
" Energy Relationship", THE WELDING JOURNAL, Vol. 37(5), p. 20l-s, May 1958.
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'lfable. 6. Summary of One;Inch—Thick Compact-Tension Test Results

Critical

R

www fastio.com

. o . . : . ' Valid

Plate Designation, . Test Fatigue © Crack Failure ~ Load .., _ Stress Min.
Material Spec. Specimen -Temp. - Final K Depth - Secant  Maximum - Ratio ‘Intens:i.;yz “Thizk.

Heat Number No. . {°F) (ksi-—i'n.llz) Avg.(in.) - PQkips) = (kips) AU (ksi-fn.~ %) . (in.}

Plate L (2-1/4-in.) ZVE =200 33.1 1.054 6.57 6.57 0.526 . 48.3 0,34

AS14F (U.S. Steel) ZVvI - ~150 - 29.6 0.980 . 8.69 8.69 0.490 57.2 0.55

Heat 97L168-06W2 FAHY -130 - 26,3 0.946 .78 9.78 0.472 6l.2 0.66
: FAYY) - .80 27.6 0,979 o 9.25 11.60 0,489 60.7 0.68 .

. . ZVE . - 40 27.7 - 0.982 14.45 14.45 0,490 - 95.2 1.77

" T ZVH 0 28.7 1.006 - 15.60 18.00 0.502 - ~106.5 2.28
Plate M (2-1/4—in.) ZUE =320 33.8 0.973 ) 6.865 6.65 - 0.485 43.2. - 0.015

AS14F (U.S5. Steel) ZUG =210 28.3 - 0.949 - 11.45 11.45 0.474 72.0 0.70

Heat 92L088-10W2 ZUF =140 27.3 0.972 16.10 16.10 0.485 104.6 1.69

E ’ . - ZUH =103 - 27.6 0.980 - 15.30 18.30 0.489 100.6 1.65

: -, L ZUp- . -~ 80 27.6. 0.981 18.00 24.00 0,420 . 118.4 2.34

ZUT. - 40 T 29.4 - 0.978 . 15.50 23.05 0.489 101.5 1.79

Plate A (2-1/4-in.)  2ZWG  -200 30.8 = 1.05L $7.40 7.40  0.525 54,3 0.46

- A5L7F (Lukens) ZWI =102 31,4 1.020 16,60 - 17.15 ~ 0.509 115.8 2.58

Heat BYBI3-2C B ZWH - 39 30.8 1.008 15.20 21.55 0.503 104.) 2.20

: D - 2 3¥.0 . 1.056 - 13.50 - 1870 . 0.527, _  99.6 2.09

ZWE - + 39 36.4 -1.023 13.25 - 20,15 © 0.511 92.9 1.86

ZWF + 75 29.5 1.024 15.75 26.10 0.511 110.6 2,72

Plate R {2-in.} - ZXH -210 28.1 0.992 © . B.34 8.34 0.495 55.8 0.43
A514H (U.S. Steel) ZXF. =151 28.7 : 0.959 6.55 6.55 0.479 41.8 0.27

Heat 07619-03W1 ZIXE  -102 28.8 0.962 9.92 9.92 0.480 63.5 0.68

- _ o ZXD -~ 80 - 27.6 0.980 8.05 '8.05 0,489 52.9 0.48

E e [ ¢ 27.5 0.979 12.00 12,00 0.488 78.7 - 1.15

ZXI + 76 36.4 1.020 13.72 13.90 ° 0.310 95.9 1.78

Plate Z {(2-1/4~in.) - 2TG -205 30.6 . 1.048 5.02 5.14 0.523 36.6 0.18

AB17H (Lukens) 7D - ~144 . 33.4 1.131 5.80 5.60 0.564 48.8 0.33
Heat B9093-4B ZTF .~ 79 31.1 - 1.058 7.70 7.70 0,528 57.0 0.53 -

ZTH - 40 30.0 . 1.035 9.75 9.75  ©0.517 °  69.7 0.82

2TE + 20 30.7 1.050 12.55 12,55 . 0,524 21.8 1.47

211 + 72 . 30.2 1.040 15.35 15,35 0,519 110.5 2.17

Plate AL (2-1/4-in.) Z¥D . -102 33.3, 1.057 6.54 6.54 0.527 8% 0.49

A517H (Lukens) ZYH - -l01 . 33.6 ‘1.063 6.85 " B.85 0.531 - 51.1 0.54

‘Heat -44071-6 . ZYF - 39 33.8 1.065 7.64 7.64 0.532 57.4 0.72

- o o ZYT - -0 33.9- 1.069 7.96 7.596 0.534 . 60.0 0.8l

ZYE + &40 32.9 1.050 - 10.30 10.30 . 0.524 75.4 1.29

_ _ Zvé  +120  33.4 - 1.0s9 12,52 13,75  0.528 92.8 2,07

-Plate Q (2~1/4~in,) ‘22T 0 27.5 0.979 . 7.35 7435 0.488 48.2 0,40

_A517H (Lukens) ZZE . a0 . 24.8 0.904 7.76 7.76 0.452 - 45.9 0.40

‘Heat C4913-4 - 2z R 40 . 28.0 1.023 7.35 7.93 0.511 51.5 0.52
' ) ZZH + 75 - 27.8 . 1.020 8.29 - B.29 0.509 57.7 0.67.

ZZF +159 © 27.6 0.980 9.12 9,85 0.489 59.9 0.75

: ZZG . 4200 26.0 0.973 . 9.B2 10.30 0.485 63.8 0.86

{ _ .
. 4 ¥ r ' . : -
L] -
: 21
* ‘\_
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Table 7. Summary of Two-Inch-Thick Compact-Tension Test Results

Critiecal . Valid .

". Plate Desipgnation, R '_ Past Fatigue . Crack Failure ~ Load Stress Min.
Material Spec. Specimen Temp. Final K Depth Secant Maximum Ratio - Intensit}r Thick.
.___Beat Number . No. . (°F}  (ksi=in.t/2) Avg.(dn.) POCkips).. (kips) A/W (ksi-in.1/2) - (dn.)
*  Plate L (2-1/4-in.) VG  -100 - .26.6 . 2.006 30.95 30,95  0.501 744 1.01
A514F (U.5. Steel) ZVB -~ 55 26.3 1.998 47.70 47.70  0.500 114.2 2,46
" Heat 97L168~06W2 ZvA 75 . 26.2 © 1,987 . 52.8 >59.75 0.437 - 125.7 3.27
- Plate M (2-1/4-in:) . ZUC = =250 26.5 2.008 16.70 16.70  0.502 40.26 0.18
AS1AF (U.S. Steel) . 2ZUA  -100 26.4 2.002 46.95 . 44,95 0,500 107.84 1.89
Heat OZLOBS-10W2 ~ ZUB  + 75 . 26.7 12,018 51.50 59.80 0.504 ~ 125.16 2.86 -
. Plate A (2-1/4-in.) =~ ZWA 250 30,8 . 2,196 17.05 17.05 0.543  47.74 0.32
| A517F (Lukens) Zwe  -181 . 31.2° 2.212 27.80 27.80 © 0.553 78.94  1.01
: Heat BO893-2C = . ~ ZWB -150 ~  3L.0 2.205 35.00 35.00 0.551 98.70 1.69
Plate R (2<in.) . ZXB - -200 27.7 2.064  14.88 14.88 0.516 37.46 0.19
. AS14H (U.S. Steel) 7X¢ - 50 26.0 - 1.981 26,35 . 26.35 0.495 62.32 0.68
- Heat 07619-03W1 ZEA + 75 26.3 1.998 42.50 43.40  0.499 101.66 1.99
. Plate Z (2-1/4-im.) ~ ZTA =155 - - 29.3 2.134 ° 16.90 16.90 0.533 44,98 0.30
. . A517H (Lukens) - zIc  -100- a1l 2,204 - 20.00 20.00 0.551 56.32 0.51
' Heat B9093-4B . ZIB - + 76 30.6 2,188 46.40 48.10  0.547 129.06 2.96
g Plate AL (2-1/4-in.) .ZYC ~ =150 33.3 2.285 11.20 13.20 0.571 . 33.91 0,22
* A5178 (Lukens) ZvA - -150 34.2 2.313 12.95 12.95 0.578 40.24 . 0.32
Heat A4071-6 - ZYB  + 75 37.2 2.402 25.00 . 31.30 0.600 84 .61 1.68 -
» ‘Plate Q (2-1/4-im.) ~CTL -+ 58 9.2 2,021 . 23.22 33,22  0.505 56.53 - 0.54
TN AS517R (Lukens) = cT2  + 58 29,3 2.025 21.95 23.30  0.506 53.66 0.49
. Heat G&4913-4 CT3... +58 29.7 2.041 22,05 .- 22.75 0,510 54.59 0.50
el o cry  + 75 30.0 2,052 22,50 - 22.50  0.513 56,24  0.63
L Crs 4113 29,7 2,039 23.65 23.90  0.510 58.45 - 0.60 -
o oCT7 . 413 30.0- 2.052 23.30 24,50 0.513 58.24 0.59
. T8 . +113 - 29.3 2,025 24.25 24.85 0.506 59.25 0.61 .
ie o=
. [ ' '
i . : . .
~ 22 L
i « \\
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The plots of KQ versus test temperature for the seven steels are

" shown in. Figures 21 through 27 together with the PCI curves for each steel.
 Note that the static KQ curves were markedly displaced with respect to tempera-

' ture as compared with ‘the PCI curves. The displacement is attributed to a rate-

of-loading effect. WNote that the'steels varied in this displacement and that the

_ fexteﬁt of. the'displacement'es shown in Table 8, was much greater in plates A and
~ M .than the 60°F shift in ASlY—F heat 73A377 as reported by the U.S. Steel

,1nvest1gators (see Table .

Behavior in the A517-F heat (Plate A) was anomalous in that the Kl_c

'__transitionétemperature'region (-200°F to -120°F) was followed by decreasing XKQ
~values in the upper shelf (between =120 and +40°F).

ASTM £399 Fatigue and Specimen—Size Limitations. The ASTM test method

’ for plane*straln fracture—toughness testlng limits the non—unlformlty ‘of crack -

(fatigue precrack) fronts; vlz., (l) the maximum 1rregu1ar1ty in the crack envelope

'shall not exceed 5 percent'of_the average crack depth, (2) the crack extension

shall be at least 5 percent of the average crack depth or 0.050-in. which-

ever is the greater measurement, and (3) the crack extension at the free surfaces

 shall be etfleéet 90 percent of the'average crack'depth; furthermore, the specifi~

cation limits the maximum stress intensity used in the final stage of the fatigue
precracking operaticn. Wﬁen these limits were exceeded, there was little or no

effect on the meaSured stress intensity values based on comparisons between specimens’

o fully in accord with E399 requlrements and those with one or more 1rregular1ties.

A common discrepancy in specimens tested above the transition tempera-

ture was that the toughness¢was‘to0 great for the crack 1ehgth and specimen thick-

ness requirement; I.e., several of the test results were invalid because the thick~

ness (B) and crack 1eﬁgth:(A) were less than 2.5 (KQ/FTY)Z._ There has been some

controversy regarding this requirement; some feel that it may be too conser-

(22) (23)

vatlve "/ and others that it may be too liberal . In the current investigatiom,

.a number of tests were run above the transition-temperature range to establish the

upper shelf of the transition curve. Some l-in. and 2-in. compact tension tests were -
run at a common temperature which'permitted'Observations on size effect. Table 9

(22) W.G. Reuter and F.J. Flens, "Effect of Thickness on 7039-T63 Aluminum Alloy
Plane~Strain Fracture Toughness", unpublished data from NERVA program.

(23) M.H. Jones and W.F. Brown, Jr., "The Influence of Crack Length and Thickness

in Plane Strain Toughness Tests', REVIEW OF DEVELOPMENTS IN PLANE STRAIN
FRACTURE TOUGHNESS TESTING, ASTM STP 463, American Society for Testing and
Materials, 1970, pp. 63-101, Also W.F. Brown, Jr., and J.E. Srawley, :

e ”-"Commentary on Present Practlce" 1oc. cit pp. 216-248.

71
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" TABLE 8. TRANSITION-TEMPERATURE SHIFT DUE TO
| " RATE OF LOADING (Static K _ vs PCI)

Transition Temperature

Ny o ‘ . : ' Preérack Charpy Compact Tension Shift
R L Type . Plate ' Imggct ' " 'Static AT
R . : ~ f“”‘“ ST —(°F) ¢y - L (°F) .
 ASL4F M(zoy =90 ~250 160
' LEv) -20 , -100 80
AS17F AWy +O -200 240
CASLAH - R(ZX) | ~40. . -120 80
CAsLTH oz@Em) -10 ~ 60 50
' AL(ZY) . 460 | 0 60
Q(zz) '__ ’ Undetermined

| TABLE 9. SIZE EFFECT IN COMPACT TENSION TESTS

. ) ' ’ ‘ &

Specimen  Thick. = Temps ' PFAIL/PQ XQ 2.5 (XQ/FTY?)
Zu 1.0 =103 1.200 . 100.6 1,65
ZUA 2.0 =100 1.00 107.8 1.89 (valid)

Szt 1.0 76 1.01 95.9 1.78

ZXA 2.0 75 1.02  101.7 1,99 (valid)
JVF 1.0 40 1.00  95.2 1.77

ZTT- 1.0 . 72 - 1.00 110.5 2,17

| ZTB 2,0 76 1.04  129.1 2.96

#As an added assurance of valid test data; it has been proﬁosed(24)

_ _ that the
ratio Pmgx/PQ be limited to some value less than 1.10. The reason for this
is to limit the amOunt'qf crack-tip plasticity contributing to PQ. '

(24) W, F. Brown,’ Jr., ‘and J, E. Srawley, "Commentary on Present Practice
STP 463, p. 221. . :

24
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" bend~test critical-stress-intensity values ranging from 87 to 246 ksi-in.

www . fastio.com

R FLJ}QS-"Q?«?%;I T

1lsts these data, note that in the ecase of Z-in.-thick specimens ZUA and ZXA
(both valid tests), the KIc values were somewhat higher than the companion

'1nvalid 1-in.—thick XQ values. Fictitiously. low values are expected from

undersize specimens, In the case of 2-in.-thick specimens ZVB and ZTB, with

']toughness'toe high for valid testing in 2~inches, the trend was the same,with
higher K

.Ic.values obtained from the 2-in. than from the 1-in.~thick specimens.

Upper Shelf K —CVN'Certeletion

u.s. Steel has reported an emplrlcal correlation between standard

- Charpy V—notch (CVK) impact energy absorption values measured at the upper shelf

and static KIc values. The relatlonshlp was based on several steels having

" room-temperature yield strengths ranglng from 39 to 246 kei, and room-temperature

1/2
(see Equation 1 and Figure 6).

One of the steels used by the U.S. Steel investigators in establish-
ing the correlation was A517-F heat 734377; for this heat the upper-shelf CVN

" energy was 62 ft—lb_at 80°F and the KQ value as deteymined by 2 x 6-in. cross-

sectien”Bend‘sbecﬁnens,weS'I?O“ksi—iﬁ;llzy All tests were conducted at 80°F:

at this temperature, the CVN impact values were reported to be "shelf" values

in that all specimens exhibited 100 percent fibrous fracture. The plane-strain

fracture toughness test results for the A517-F heat investigated by U.S. Steel

‘are shown in Table 10. From this tabulation, it will be seen that the three
‘tests did not satisfy the ASTM spécimen*size requirements., Nevertheless, the

U.S. Steel A517-F data complied with the relationship

it

®, /7T stcVN-FTY/zo)/FTY - (1)

where K. was the statlc value of fracture toughness at 80°F in upits of
Of the A514/517 heats 1nvest1gated in this study, only A514-F plates

L and M developed upper—shelf CVN energy values at 80°F or lower temperature.

. Therefore, for purposes of calculating KIc values based on upper—-shelf CVN

impact test results, it was necessary to use (VN values obtained at temperatures
higher than 80°F. Teble 11 shows the caleculated K Ie values at the upper-shelf

test temperatures, note that the calculated values were con51derably hlgher than

the measured values at the highest temperature 1nvest1gated in this study.
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TABLE 10. U.S. STEEL PLANE-STRAIN FRACTURE-TOUGHNESS DATA FOR A517-F HEAT 73A377%

"THICKNESS ="~ * " - | " ° " CRACK DEPTH '

- 3 B/RFIM? C25@eFrnZ 0 a2 a/®o/rTey? 2.5(RQ/PTY)Z
2 1.8 0.7 6.8 2.60 1.01 6. 44
1.85  0.87 5.32  2.55 1.20 ~ 5.31
. 1.85 0.69 o 6,70 1.78  0.67 6.64
| BEAM.DBPT " . . KQ MEASUREMENT
W W/ (KQ/FTY) "B(KQ/FTY) . 10% ‘Secant Pop-in
6.0  2.32 12.93 177 177
6.0 2.83 10.60 160 -
-~ 6.0 2.24 . 13.39 0 | 175 180

...-'_..._.—...'—;_...u-.-—--n-m—

*Under the ‘provisions of ASTM E399, it is requlred that both the crack
depth (a) and the specimen thlckness (B) must be at least 2.5 CKQ/FTY) R
and the beam depth (W) must be twice the specimen thickness, i.e.,

W >>5(KQ/FTY) The data in this table are from reference 5.

TABLE 11. PLANE—STRAIN FRACTURE TOUGHNESS CALCULATED FROM CHARPY V-NOTCH
' ' UPPER SHELF ENERGY e

- (KIC/FTY) = 5(CVN-FTY/20)/FTY

-GharpylV¥Notch At'SheIf'Témpératufe (KIC/FTY)Z K. @ Shelf
' _(cvN) ‘shelf ~  Yield " CVN/FIY (from Fig. 6) Tésperature
' Plate/Code (ft-1by (°F) - (ksi)  (ft-Ib/ksi) (inch) (ksi-in.1/2)
CAJZH 40 4200¢a) 100 0.0 1.75 132
AL/ZY 42 +200(a) 98 0.43 1.90 135
L/zZv 79 +60 10 0.72 T 3,35 200
M/ZU 65 0 119 . 0.55 2.50 190
Q/zz 23 +300(a) 107 0.21 . 0.82 97
R/ZX 56 +200(a) 1100  0.51 2.30 167
& - z/zT 55 +200 112 0.49 2,20 - 166
%;5  “ - _ (a) Shelf may be at a higher temperature and, therefore, the shelf energy

. value may be somewhat higher than indicated.
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“if they conformed to the above K
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'If"the‘Charpy uPperIShelf'eecuisiat a temperature higher than the

" lowest temperature anticipated in sexvice, the calculated #alue of X_ based

Iec

" on the CYN-K . upper-shelf correlatlon 1is meanlngless in terms of the plane-

Ic
straln fracture toughness at the 1owest—anticipated~serv1ce temperature.

'Flgure 28 illustrates this situation. For plate AL, the calculated K was '

Ic

135 ksi—in.1/2 Ie &t 0°F was only

at plus 200°F; whereas, the measured K
60 ksiein.l/z. In the case of plate M, on the other hand, where the CVN upper

shelf occurred at (cf below) the lowest anticipated service temperature, the

value of 190 ksi—in.l/2 was deemed to be meaningful in terms

Ic

‘of service. The - fact that a 2~in.. compact*ten81on specimen of plate M tested

1/2

at 75°F 1nd1cated a critical stress 1nten51ty value of only 125 ksi-in.

‘(see Table 7) is further confirmation of fictitiously low critical stress

intensity values when the material thickness is inadequate to meet the

CASTM 2. .5 (KQ/FTY) eriterion.

Lower Shelf K ‘-PCI Correlatlon

Based on standard Charpy V—notch (CVN) impact values from the

© transition range and lower shelf of the Charpy transition curve, U.S5. Steel

- investigators reported the following correlation:

.KICZ/E_ Y (CVN)3/2 (8)

Charpy V-notch (CVN)?iﬁpaetlend static KIc data from the A517-F,

A514-F and A517-H steels of the current investigation were plotted to determine

Io~CVN relationship, The expression cbtained

was also examined. From Flgure 29, it will be seen

(10)

by Corten and Sailors

that the U.S. Steel relatlonship appeared to fit the data but there was con—

'“:siderable scatter in the rest results. Table 12 presents the data plotted in
‘:'Flgure 29, 1nclud1ng tests made by u. S. Steel and those of the current
o 1nvest1gat10n. Only valld K Ie values were plotted. When all the data were

f-con31dered it was observed that the data from steels A and M produced the

greatest scatter. These steels were the most strain-rate sensitive of the nine

heats plotted (1nc1ud1ng two A517-F heats from.the U.S. Steel investigations).

 eFer severely strain-rate sensitive plates_A and M, the CVN impact wvalues were

a mueh lower than would be expeeted based on the static KQ test results; thus,
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Temp. = Size & 2.5 (KQ/FTY)® xQ 1/ Kg%/E (XQ/FTY)? CVN PCI EEE(C)
Type Specimen  (°F} (in.) - (in.) (ksi-in. (psi-in.) {in.) {(ft-1b) (ft-1b) (°F)
ASI4F - M{ZU} A - ~100 2 1,850 108 (a) 388 -0.756 24 10.5 _-90
. - H =103 1 1.645 - 104 340 0.658 23 10.5
D - &0 1 2,344 - 118 464 0.938 32 14
I -40 | 1.790 102 347 0.716 51.5  32.5
B . +75 . 2 2.860 125 521 1.144 66.5(a) 52
L{zv) ¢ ~100 2 1.012. 74 182 0.405 - 4 -20
o D - 80 1 "0.685 - . 81 124 0.274 ‘10 6.5
B ..-55 z 2,464 114 433 0.986 28.5  10.5
F -40 o1 1.773 . . 95 €a) 301. 0.709 39.5 13
H 0 1 2.280 106 375 0.912 67 22.5
A+ 75 2 3.270 126 529 1.308 79 (a) 47
AS17F  A(ZW). H ~ ~ 39 1. - 2.201 104 (a) 361 0.880 14 2 +40
C D -- 2 1 2.089 00 333 = 0.83% - 15 2,5
E - + 39 1 1.863 93 288 0.745 i8 4
F + 75 1 2,721 111 411 1.09 18.5 7.5
A514H . R(ZX) E . ~102 1. 0.676 64 . 136 0.270 4.5 2.5 =40
b .- 80 1 0.482 53 94 0.193" . 6.5 3 .
- 2 0.686 62 128 0.274 9 4,5
G 0 1 1,150 ] 208 0.460 17,5 10
A +75 2 1.995 - 102 356 0.798 34 19.5
"Z(2T) € =100 2 0.507 56 104 0.203 7.5 3.5 ~10
R - 79 1 0.533 57 108 0.213 - 8.5 4.5
H o =40, ':1 -0.817 70 163 0.327 13 6.0
ET . +200 . 1 1.466 92" 282 0.486 25~ 1z
B+ 76 2 2.965 129 - 554 1,186 36.5 21
I + 72 1 2.170 110 367 0,858 36 20
A5I7H . AL(ZY)D  -l02 1 0.487 48 77 0.195 - 1.5 +60
o .F - 30 1 0.721 57 108 0.288 7 5 :
I -0 1 - 8.809 60 120 0,324 10.5 6.5
E . + 40 1 1.293 75 187 0.517 15 8.5
- B+ 75 2 1.677 85. 243 0.671 21,5 12
G +120 1 2.071 93 ' . 288 0.828 28 19
Q(zz) I .0 1 0.398 48 77 0.159 4 2.5 200
D  +40 1 0.520 52 90 . 0.208 -5.5 T4
€r2  + 58 2 0. 512(&) 55 101 | 0,205 6.5 4.5
H +75 1 0,666 58 112 0.266 7.5 5.5
CT9 75 2 0.630 56 104 0.252 7.5 5.5
CT7 4113 2 0.602(b) 59 . 116 0.241 10 6.5
F o +159 1 0.749 60 - 120 0.300 13 8.5
G . +200 1. 0.859 64 137 0.344 15.5 = 10
_A517F - 73B320 -148 (d) 0.648 56 104 0.259 17 6.0 -125 -
P . ~112 1.012 10 163 0.405 23.5 9.5
-103 1.258 .78 203 0.503 25,5  11.5
- 93 1.528 86 246 0.611 28 13.8°
- 83 1.825 94 294 0.730 31 16.0
- 72 2,150 102 347 0.876 . 34.5  18.3
- 56 2.780 116 448 1,112 40 22.9
- 39 3.492 130 563 1.397 48 27.5
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TABLE 137

"LOVER-SHELF K_

. PLANE~STRAYN FRACTURE TOUGHNESS TEST RESULT

c¥§b1 CORRELATION

CHARPY TMPACT

(8) Gn the upper shelf (with re
(b) Average of three tests.

. ;(c) Estimated frem PCI transition temperature.
o (d) See Ref, (2) Figures 3 & 93 bend tests 1/2, 1 and 2-in.

www . fastio.com
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:‘several of the data points from the. A and M plates tested in and below the

'tran51t10n—temperature region, if plotted would have been widely scattered

to the left of the correlation curve.

Flgure 30 is a plot of precrack Charpy impact (PCL}) data. Note

' that except for the plate-M test, the scatter was somewhat reduced; only the

valld K data were plotted. Figure 31 is the same plot as Flgure 30 except

_that the gbscissa has been expanded. The relatlonshlp '

2, . |
K., /B = 18 (PCI) _ (11)

gives a conservatlve estimate of the statlc K vaer at any test temperature

: 1n or below the tran51t10n—temperature range.

:*rThrough Thlckness-Yleldlng Crlterlon

In practlcal appllcatlon of the through—thlckness yleldlng crlterlon,

there is the tacit assumption that the nll—ductlllty transitlon (NDT) tem-

'perature of a glven material’ W111 be Iower than the lowest ant1c1pates service

temperature, and that with use of the Charpy V—notch (lO-ml; radlus) upper—

“shelf—energy correlation, the start of the upper shelf will be at or below the

lowest anticipated service temperature'tas_in the case of plate M of Figure 28).

- In-the T.8. Steel researches where through-thickness-yielding was proposed as

‘a eriterion of acceptable toughness for critical applications, the A517-F steel

under consideration developed Charpy V-motch (10-wil radius) impact shelf-energy

levels at room-teﬁperature or lower. Four out of five of the U.S. Steel studies

- reviewed in connection with this study dealt with a single heat of A517~f, viz.,
‘heat 73A377 (see the Tables of Appendix B). Using the through-thickness-yielding
criterion proposed by the U.S. Steel investigators, heat 73A377 with yield |

'_tStrength ranging from 110 to 121 ksi would have to develop 50 to 54 ft—1b of

Charpy shelf energy at the lowest anticipated service temperature to meet the

'r;threugh*the—thiekness-yielding criterion for 2~in. thick plate. The reported

CVN impact self values et 80°F ranged from 47 to 62 ft-1b (see'Tables of

__‘- '.Appendix-B)' From Figure 2 it will be seen that the CVN upper shelf for this
s “heat of AS17-F was below 0°F

29


http://www.fastio.com/

. TABLE 13

_CHARPY ENERGY .REQUIREMENTS FOR THROUIGH—THICKNESS YIELDING

o | S Yield  CYN Upper Shelf cvw Ener%Y
B . Steel '~ 'Plate = Strength  Temp. Energy Requlred
L . Type’ No. (ksi) C°F) (£t-1b) T (£t-1p)

oo CASI4F - MQzU) . 119 0 65 - 59
o B S L@y 109 - 40 77 . 54
ﬂ A517F  A(zW) .. 100 - 200 40 50
A5S14H - R(zX) ' . 109 © 200 56 | 54

o oz(zTy . 115 200 55 58

ASL7H  ~ AL(ZY) . - 100 200 42 50

Q(zZ) 109 200 16 54

(2) CVN 2 FIY (B + 0 ,25)/5. and for.2-1/4-in. plate CVN 2 050 FIY

0f the seven A514/517 steels 1nvest1gated in this study, five of the
'.seven had CVN upper shelves starting at a temperature of 200°F or hlgher.
From Table 13 it will be seen that at the temperature corresponding to the‘
1CVN~impaé;—enérgycupper shelf; only'th?ee of the seven A514/517 steels
investigated in this study (plates L, M and R) developed the required energy
 le§e1s{t0-giﬁe-thréughﬁthickness yielding in 2-1/4-in. plate based on the
- - standard Charpy V;noﬁth (lO—mil.radius) teaﬁu However, only in U.S. Steel
:ﬁ{}' . A514-F plate M was the upper shelf at or below 0°F.  Plate L was borderline
- with the shelf starting at about 40°F; based on a shelf energy of 77 ft-lb

_plate L more than met the. through—thlckness-yleldlng crlterlon.

 The situation for plate L described above points up a limitation on
B use of the_upper—shelf correlation as a basis for the throughmthlckness yielding
‘criterion. If the Chafpy upper shelf does not occur at or below the 1owest _
_antic1pated service temperature, the through-thickness-yielding crlterlon can

 be misleading. For example, consider the case of a 2-1/4~in. —thlck U.S. Steel

ClihPDF - www .fastio.com
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""‘A514—F plate. (heat 72A033-O33429) " For a 2-1/4-in.~thick plate at 115 ksi
- Vyleld strength ‘the - through~th1ckness—yleldlng criterion requires 57.5 ft-1b
_at the lowest ant1c1pated service temperature. The following are the. Charpy

&
' Vﬁnotch 1mpact test results obtained from the plaie :

Test VN

Temp. ~ - Energy

“(°F) . (£ft-1b)
120 81

+ 72 84

+20 . 37 (38.8, 26.9, 46.9)

Thus, if the Charpy VFnotch impact tests had been taken only at room temperature,

the steel would have been 1ndlcated to more than meet the required toughness

 for through-thlckness yielding, but at 20°F the steel was undergoing the duct11e~

to—brlttle tran51t10n and was in fact deficient in toughness.

A through—thlckness—yleldlng crlterlon based on transition-temperature—

range correlatlonS‘was obtained by combining the" Hahm and Rosenfield expression -

®/FIVY?/B = 1

“énd_phe CVN-K._ . correlation

Ic

k. 2/E = 2 (cvm3/?

~This provided the ﬁoliowing félaﬁioﬁship:

'FTYZ_ = 2_(CVN)1'5 E/B ' - (12)

. -0f the seven steels in this inveétigation, dnly U.5. Steel plates L and M met
‘this criterion at 0°F. Also the two heats of A517-F used in the U.S. Steel

" researches met the criterion at 0°F. Howevér, U.S. Steel A514-~H plate R,

Lukens AS517-F plate ‘A, ‘and Lukens A517-H plates AL, Q and Z all failed to meet

the crlterlon even for 1-in. thlckness.

' *Charles Kendrick;.privaté commuriication.
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‘and the PCIhKIc,eorrelation

s -‘ R o
Charpy data from several additional plates of ASTM A514/517 steel

were examined for c0mp1iance with the proposed criterion. The plates were

J 1-1/2, 2 2-1/4 and 2—1/2—1n. thick. The l—l/2—1n.—th1ck plates came from
" four U.S. Steel heats of A517-F3 data were available from nine slabs., The

© 2-in.-thick plates:ceme from two Lukens heats of A517-H; data were available

from four slebs (plates E, F, G and H). The 2-1/4-in.-thick plate came from

ﬁ['.a Lukens heat of A517-F (plate A). The 2~1/2-in.-thick plates came from a
- Lukeps heat of A517-F (plate B), a Lukens heat of A517-H- (plate C) and a
- U.S. Steel heat of A517-F (plate D} Flguxe 32 is a plot of these data super-
-1mposed on the curves relating yleld—strength and CVN impact for through- '

 thickness yleldlng. From Figure 32, it will be seen that eleven of the A514/517

plates would not meet the through—thlckness yleldlng criterion for even 1-in.

'thlckness. ' Wight of the nine U.S. Steel 1—1/2—1n.uth1ck A517-F plates complied

with the crlterlon- six of the 1*1/2~1n. plates met the toughness requlrement for

2—-in, plate.

A comparison of criterla based on the upper-shelf and transition-

' temperature~range correlatlons is shown in Figure 33. Only the data for steels

' which developed upper-shelf energy at or below 0°F are plotted. Note that all

the plates which developed upper-shelf energy at or below 0°F met the through-

tthkRESS*Yleldlng crlterlon based on the upper-shelf correlation. The dash -

"lcurves in Figure 33 are from Figure 32; thus the dash curves represent the
’ through—thlckness~y1eld1ng criterion based_on the U.S. Steel KIé—CVN transition—-

' temperature—range correlation. - ‘The superposition shows that the criterion

 based on the KI_—CVN upper—shelf correlation is less stringent and, therefore,

perhaps more practical, providing the steel companies can provide plate with

- the CVN upper shelf at or below temperate*zoﬁe service temperatures.

Combinieg_the'ﬂahn_and Rosenfield expression

@D = 1

lKIé [El.= .18 (PQI)

Do, Mkt e wm G e e mm o s e AN mm omm e

*Charles Kendrick, private communication.
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  prov1ded the follow1ng relatlonshlp for a through—thlckness—ylelélng criterion

beased on the precrack Charpy impact tran51t10n-temperature—reglon test results:

2

PCIL =f FTY” - B/18E o | '  (13)

. 0f the seven steels in this in#estigation,.only U.S. S;eel plate M came close
to meetlng this crlterlon at 0°F. U.S. Steel heat 73B320 and U.S. Steel plate L
.both failed to meet the crltexlon in their respective thicknesses. Figure. 34

'; ‘ . is a plot of these data superlmposed on the curves relating yield strength and . 

.. e

PCI (ft-1b) for through—thlckness yleldlng the same data are plotted as in
" Figure 32, Note that all of the 1~1/2-in.~thick U.S. Steel plates met the
criterion eXCept_one.: Nene of the Lukens plates met the through-thickness
 'yie1ding criterion for even 1-in. thickness; U.S. Steel plates R and L also

" failed to meet even the l-in.-thickness eriterion.

Another aﬁproach providing'a eriterion for throughéthickness yiélding

. is based on the planefstress plastic—zone expression

£ = EK/FTI)ZAZW

If this expression is equated to the plate thickness (i.e., a plastlc zone
equal to the plate thlckness) and if E(W/A) as determlned from the precrack
Charpy impact test is substltuted for KZ, assuming a nominal crack depth of
 0.035 inch '
W o= 2.3Lx 10 B - FIY (14)
_ where W/12 is the precrack Charpy energy value in units of ft-1b. When this
. criterion was used as a basis for determining the precrack Charpy energy for
:through—thlckness yleldlng, the values were for all -practical purposes the same
_'as those calculated based on equation (13) The following tabulation shows the.

R o 'slmllarlty of the two crlterla‘

“PRECRACK CHARPY CRITERIA (FT-LB)
' FOR_THROUGH-THTCKNESS YIELDING

I A — CVN (£t-1b)

S \ . - Fry2 . B/1SE FIY® - 2T B/E Measured at 0°F

SR B Plate 1lin. 2 dm. 1 in. 2 din. - FIX PCI .
M 26 52 27 55 19 52
‘L 24 .4 25 48 112 23
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The seven ASTM A514/517 steels 1nvest1gated showed marked heat-to-beat

- variations in fracture behavior and Wlth one exception, markedly poorer
'fracture behav10r than the two heats of ASTM A517-F used in the U.S. Steel

‘researches, Heat-to-heat variations in the extent of strain-rate embrittlement

precluded a 1:1 correlation_between precrack Charpy impact and static compact-
tension transition behavior. - The empirical K —CVN relationship reported by -

U.s. Steel based on upper-shelf Charpy energy values could not be used in five -

- of the seven steels tested because the Charpy upper shelf occurred well above
- br1dge~serv1ce temperatures. The through~thickness-yielding criterion proposed
. by U.S. Steel 1nvest1gators utilizés the upper4shelf correlation; therefore,

‘this criterion is only applicable for steels developing full shelf energy in the

Charpy test at or below the lowest ant1c1pated service temperature. The through~

thlckness~y1e1d1ng concept was evaluated using K

IC—CVN tran31t10n—temperatufe

 correlations; useful criteria were established based on both the standard Charpy

V-notch and the precrack Charpy impact tests.

34
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Figure 6. Relation Between Plane-Strain Stress-Intensity Factor, KlIc’
" and Charpy V-Notch, CVN, Energy Absorption (Ref. 4}, :
ClibPDF - www . fastio.com



http://www.fastio.com/

ST 110 ' o

e L .} . JcopE Zv ]
L { 1A514 F

PLATE L

100

-80 -40 0 40 80

20—l . - _
CODE ZT R —
A517 H.

PLATE Z -

110

.- 100

YIELD STRENGTH, 0.2 PERCENT OFFSET (KSI)

120 | ]

110

CODE ZX
AB14 H
PLATE.R.. |

100 _
C-120 -89 ~40 0 40 80

TEST TEMPERATURE, °F

‘:L':ff E ) "_ Figure 7. Yleld Strength as a Functlon of Test Temperature in Plates
- S - L(ZV) R{ZX) AND Z(ZT)

ClihPDF - www .fastio.com


http://www.fastio.com/

ClibhPDF -

130
Code ZH
120
110
100 — — S ‘
-80 40 0 40 80 120 160 200
ST 130 ¢ -
_jQ Plate AL -
42 Code ZY- .
[3)
42 Co
s 120
‘ﬁ"‘Q .
[a¥]
e \
...C“ . A
5 110
R v
g
o
N
= , _
T 190 =10 | RE =) 720 To0 200
130
: Plate Q E
Code ZZ
120 |-
110 |~ -—
400 o I N, ] ]
-0 0 40 80 120 160 200 240

Test Temperature, °F

Figure 8. Yield Strength as a Function of Test Temperature

www . fastio.com

. in Plates A(ZW), AL(ZY), and Q(ZZ)


http://www.fastio.com/

&

08

.ADNVEOH.W.H& uT @HSU.NHNQEMH_ 3s9] Jo uoiaoung e m.ﬂ JUMG.@.HUM .TH@._..W .,m..@HﬁM.ﬁh

do ‘TUNLVYINIL LSTL

08- 09t~ 0ye- oege-
T — ]
"’l’l'l
Q. 1...
— s
o
. /,
. \ <
Ay
WAy
4 1y _
fiZ 3003| \
\
_,w

ool

OLE

Al

pEl

onL

051

{091
oLt

1 os1

ISX 135440 INID¥Ad 270 “HLINIYLS QT3IA

www . fastio.com

ClibhPDF -


http://www.fastio.com/

4
z

ClihPDF - www .fastio.com

S

1,000 £.005 DIA —
ZHOLES .

nal

n

2

+ - Wt
o

S .
i

16

[ e

4__."}_._'._._..__..——-—- -

l-t— 1,750%-005 —pr

g 2750 £.070
4,000 £,005  roer————— e}
.
5,000 =.000 .

Mote 1 — Dimensiens are in inches,

fedl— 2,000 £.010 -~

609420 -INN'I]‘"E:GRAI.. '
¥ “KNIFE
2 PLACES KNIFE
Zq VIEW A
x A
* NDTCH ‘FFDIIGO £.005

L
o
-~

-

- —— Y -

,005 R (HAX)

CHEVRON
HOTCH

VIEW B-B

_ Note 2 — A surfaces shall be perpendicutar 2nd parallel as applitable to within

Figure 10.

0.008 TIR.

Note 3 — The points of intersection of the crack starter tips with the two spec!meh

{aces shall be equally distant from aither pin hole center to within

0.020. .

Note 4 — Each.of the two parallel notch surfaces must lie in one plane to within
-5.020 and must be perpendicular or parallel as applicable to the - specimen

fates to.within 0.020.
Nate 5 — B = C to within 0.020

‘Two=Inch-Thick Compact—-Terisibn Specimen Dimensions and

Tolerances.

- .

- ¢0° J
l 3 O acE 0,100 £.005
0,055
- +,008



http://www.fastio.com/

. FOIL STRAIN GAGE

; ' ) JRTIR - A e08 N T /\
_ ' TN / ‘ . \_/
- ‘ _ ‘ TENSION STRAIN GAGE
R ) o - b y ; ; ) 1
_ Y _ PRESSION STRAIN !
- o : ‘ ‘ ~STOPS  GAGE
v o ' < _ ) = ' =~
..-..-..._" — ! T2 ? .
: (a) BAGE MOUNTED ON SINGLE-EDGE-NQTCH TENSION SPEGIME
0.188

. 0.188 '—“I"‘—"' 0.188
- C 1.825 ’ i ] 0.186
. |“ — is&20 -

0.142 DIA [ 1
0.140 DIA L\ )

0.020 g .
6.010 i""—"“’l.,

0.085
0.060
o 0.250
,6.0.19 7 -0.030 <—-—|— 0.245 8?8
0.025 - T - .50
. | oars
" {b) DIMENSIONS OF BEAMS - _ 0.378
: 0.190
0388 —— |~ P 0.205
5/64 DRILL HOLE ~ : . [—ﬁ.l§s
| 1
0.500 y 0.402
a.430 n o7g 0-400
35
T as°x.03 & i
; o2 CHAMFER \Tir W1 ovas
0.142 TN, 1 =
. : _ G740 DIA | |\?‘|\ : | OTBE |
o . - . . i1l e
- 25.£) ZERO BALANCE H nh . 0.375
zen | N ek
Gy ) . . 15 B X
x & X .YRECORDER - °
{c) BRIDGE MEASUREMENT CIRCWIT - {d} DIMENSIONS OF SPACER BLOGCK

Figure"ll. ~ Double-Cantilever Displacement Gage :
. (all dimensions are in inches except where noted)

ClihPDF - www .fastio.com


http://www.fastio.com/

ClibhPDF -

: 70

.50 {-

- CHARPY IMPACT ENERGY, FT<lB

P

LR

 PLATE A
CODE ZW

40 =

20 -

Figure 12

www . fastio.com

TEST TEMPERATURE,

‘Standard (CVN) and Precrack Charpy Impact (PCI) Trans1t10n
Curves for Plate A(ZW) .

4

°F

Cow



http://www.fastio.com/

ClibhPDF -

~ Figure 13.

www . fastio.com

. e )
0
60 |- 'PLATE AL -
COPE ZY
. -
S
=
. 40
- .
o) .
L
E
5
g o
o
el
3
. 20 k-
oE o ' //"Z
| ,-/-/,';/A/ﬁ”‘\ N
ol ! | IR | L 1 . '-| I
100 -80 T, N 0 20 40 .80 120 . . 160 200
TEST TEMPERATURE °F

1Standard (CVN) and Precrack Charpy Impact (PCI) Tran51t10n
Curves for Plate AL(ZY) . S . . -

.


http://www.fastio.com/

ClibhPDF -

.30‘

el

 50f-

0~

CHARPY IMPACT ENERGY, FT-LB

=)
t

| ﬁ/ﬁ _ --\-20# L CPLATE.L
s | L ' CODE ZV

1 | R | 1 L L 1

-80 - =80 0 2 4 - 80 120 160 200 .

TEST TEMPERATURE, °F

l'Figure‘14} Standard (CVN) and Precrack Charpy Impact (PCL) Transition

Curves for Plate L{ZV).

www . fastio.com


http://www.fastio.com/

CHARPY IMPACT ENERGY, FT-LB

PLATE M-
CODE ZU

 TEST TEMPERATURE, °

Figure 15,

Standard (CVN) and Précrack Charpy Impact (PCI) Jransition
Curves for Plate M(ZU) .



http://www.fastio.com/

: *(2Z)0 @deig Aoz mmbuuu EOAuwmmmuH L
mHumv uummEH hmumnu xumuomumwnmhz>ov wumwnmum .mﬂmnﬁwﬂh

A, ‘TANIVERAWAL 1SZT

09 0z¢ 08z - onz 0oz - 09T - ozr o8- . o7 0

e ¥ - 0
5 . 4
- —qor
L T _ . IR _ 22 3000 :
B S : , - . : _ . baww .
J . 1 1 . .”..‘"‘ t .ﬂ.‘ . 1 ' .. ,_ . , .._. ... i .w L | ) s
‘ . .
X y o, . . : // : ,

| (€1-13) XOWINT IDVAHI AdEVHD

www . fastio.com

CU:)PI% -


http://www.fastio.com/

ClibhPDF -

* CHARPY IMPACT ENERGY, FT-LB

70§
N T X
gof-  CODE
ol v T T ! ! e
-0 -8 . - 40 - 0200 40 80 120 - 160 - 200
' ' TEST TEMPERATURE, °F '

- Figure 17. 'Standard {CVID) and Precrack Charpy Impéqt (PCI)
' -, Transition Curves for Plate R(ZX), .

.
. 3 ’ * -
* . " . . . A . . -
X . [ .

www . fastio.com


http://www.fastio.com/

AT 70 -
PLATE Z
- | CODE ZT.

CHARPY INPACT ENERGY, FT-LB

VR . . | .
e T 0 2 . 40 80 12060 200
. 5 - : ‘ TEST TEMPERATURE, °F ' |

. 'F_igur'e 18, - Standard (CV'N) and Precrack Charpy Impact (PCL)
- S _' Tran51t10rr Chrves for Plate Z(ZT)

. . ERAN
L

ClihPDF - www .fastio.com


http://www.fastio.com/

30

20

10

PRECRACK CHARPY IMPACT ENERGY (FI-LB), LATERAL EXPANSION (MILS) .. . -~ = . .

' | ' b ! rFo | ' ! ! ' |
PLATE A -
AS17-F
HEAT B9893-2C

— PCI O ft-1b - -
- @ nils : ‘

30

-240 0. 40. 80 120 160. 200. .

TEST TEMPERATURE (°F)

| '-Figufe 19.' EﬁérgyrAbs'orption and Lateral Expansion Precrack Charpy

Impact (PCI) Tramsition Curves for Plate A(ZW).

ClihPDF - www .fastio.com


http://www.fastio.com/

- 9¢

z€

_ £3a0uy

8z

*(MZ)¥ 23814 Io3 (IDd PUEB NAD) :
uummEH hmam&u pue uOﬁmﬁmmmm Teiloje] usomiag nﬂAmmOHumHmm ‘0z @m3Tg

(STTW) NOTSNVAXE TVIaLIvI

ve - 02 ot 2T 8

.. — A | ._ T _ T #.k —

A-LTSY
¥ H1y1d

L3

07-€6864 IVAH = —

0S

0¢

0%

(4T-37) AOWANE IOVARI ADIVHD

www fastio.com

ClibhPDF -


http://www.fastio.com/

(47-11) IOVIAI XJAVID AIVHITUd

.Azmud.uumﬁm 1oy sa[nsey 389, _
joeduy Adaey) }oviADDIg puw ToFsua), Joedmo) OFIRIS  'TT 21n31g

o (1,) THAIVIIIMEL ISAL . S
0zT 08 o0y 0 ot 08 T4 09T~ 002~ - - ove-
¥ * - - _ 3 T — " .. u ] § — . ] — T _ - T _ " ‘) _
of- -] 0%
\
o1 b~ .\\\u 09
L~
0z — 08
(1l et 001
_I. -
: Ammmmxoﬁnu JUBTOTF $
o t—- |m=m=..3 H....._”HNP IoN - ozt
. U @
B ‘wi-g @ |
05 i _ ! _. _ . [ . _ .. il m L “ - i m l . — ._ _ 0T
. H
2 ; ‘ _m : =
E ¢ ! w i

I(ZII'NI—ISN) AZISNIINT SSTHIS 'IVIIII¥D

www fastio.com

ClibhPDF -


http://www.fastio.com/

o9t

 (97-33) 1oVAWT XJYVHD MOVIDEEd

.QNVA« 93eTd 107 s3TNELY 389 o
yordur Adxeyn yoeID31g wsm uorsuor 10edmo) OFIeIs 'y eandyg

QL FUNLVIHIRAL ISTL

1 00Z 091 oz 08 S0 0 op- S 4 097~
T T [ { | — i LI : |
& ov
(9]
e ]
—f 09 o
H
(]
B
N o
H
&
wy
— o8 ©
b=t
=t
. 5
- =
[ 7]
Lt}
!
-1 00T %
. ]
0
N 2
. =,
(SSeUDTYI JUITOLF =
) -Jnsu A 30 ’
oc k- JNSUT) PRISA 30N ¥ ) oo
‘ ‘up-T @
L ‘Uz @
. _ _.. ] - ....”_ *w L ! 1 ] 1 _l _. .O#H

www . fastio.com

ClibhPDF -


http://www.fastio.com/

(91-14) IOVaWI KJEVHD MOVEDENA

(11

0z

ot

oy

- 05

- 09

0zt

| © *(aZ)1 9384 303 SITnEEY 389 .
~.3oedmy Ldiey) }owIORId PUE UOFSUIL yoedwon 9T3B1S ‘€7 2an3dTg

{£;) TINIVEEAWEL I83L

zt- 09T~ 00z-  owe-
L
- — or
— — 09
— —] o8
— —| oot
(sSawdTHI JUSTOTI $
-Jngy 2A 30 '
| -gnsur) prrea don § oo
-l e
.“Il ‘ -ﬁHI.N @
R R

oYt

(g7 NI-ISW) ALISNINI SSTLLS TVOIIIHD

www . fastio.com

ClibhPDF -


http://www.fastio.com/

(WT-13) IOVaWI AJEVHD NOVIDTEd

- 0T

oz

0g

0%

0s

09

| « - (0d)r 230Td 103 sansey 1S9l :
3oeduy Adieyp yowipeig pue uUofsuaj Jdedwo) 2I3BIS ‘47 2aAnBIY

" (Z,) TINIVHAINEL 15T _ .
08 o 0 ov- ' oog= O oozE- | 09T- 00z- - 0wt . oaz- oze-
- ! | L [ ! i ! Pl | ! 1 ! i LN i
. \\ , , . : -]
o / — 0w g
B ' H
v ) &
= : - m
[£+}
: N 3 H
. \ — s B
tn
; . s
1 \ Z
~] x|
m
=
/ _ .8
| T ﬂ —] oot "
B : T - e ] H
\\ . _ . ‘ E ik
_ : T =
- \ (sseuxdTUI IUSTOFF Loy
— ‘ : ~-JNEUF} PFIRA I0H @ -1 GZT M
w. —— Il\..\ . ﬂ . ‘up-l @ .
. ‘ T tuteg @ -
‘ I ¢ 1 ; ] 1 l ] ! . 1 | S R K T

onT

www . fastio.com

ClibhPDF -


http://www.fastio.com/

{(97-13) IOVIHI AJIVHD MOVNDWEd

oz

3891 Joedmy Adieyy ¥oeIODIg PUuR UOFSURL Ioeduo) OTIeIS .mw.mnswﬂm.

*(ZZ)d 91BIJ 10J S3nsey

(2.) MENIVIAGHAL ISTL

0~

0T

0¢

082 0%t 1174 09T 0T 08 . oy - o
T T T i T T T T Y I T T .. T T ] Y
. I
— .
3 . lll.l.l\.-.l.lll..lln . 71 o%-
. l..l-llll-ll-
L I-llllolllllll : : -}
(5SaWTYI JUSTOT3
B wm:mswv PTT1®A 30N = o8
S S T A
- -z @ |
L 1 . ] 1 | - 1 i el H X 1 : i .., | | . .co.—..
. i

(/¢ NI-ISM) ALISNZINI SSTALS “VOIITEO

www . fastio.com

Cholﬂ)w—


http://www.fastio.com/

09

(€1-13) IOVaWI XJEVHD XOVNOTEd

_ *(XZ)¥ °I0Td 103 ‘sanssy |
ummH uomnﬁH .Eumnu xumuumum wsm soﬁmnmauomaﬁouuﬂmum.ummuawﬂm

(d,) mmwa¢mmmzma.amma

09T~ .00z - oyz- -
i _ . .u. _ T
.L
o
.ty
— 08
—{ oot
(SSaWOTYI IUSTOTS
-JOSUT) PFLEA 10N I
.-HHI.—... ° o
_.E”...N o
# t _ ] _ 1 ) w . 1 u | _ 1 _ 1 ovt

'(Z/T'NI—ISX) ALISNIINI SSTULIS TVDILIND

www fastio.com

C\\:)Pl)j—


http://www.fastio.com/

IOVAHT (91-1d) XDIVHD MNOVEOTNd

02T -
0 .

' (1Z)7Z @3I®Td 103 samsey

ume Jveduy £daeyy xumuomum PUE uorsuey ivedwo) syjeag ;Nm.mw=Mﬁh.

(2;) TENIVILRAL ISTL

0y 0 o~ 08~ . 07T~

ohe-
_ T ] T ] T I T T
- 0%
—t GO
-1 08
-— 00T
(S59uNOTYY JUSTITF @
-JUsUL) PITRA 30 '
~JUSUE) PTIRA 3oy Y o
‘up-1 @ N
vi-Z &
! ] ...* I 1 ovT
v ;_ .

(z/I'NIfISH) ALISNIINI SSHYLS TVOILIND

www . fastio.com

CM:)PI)Wf


http://www.fastio.com/

'Charpy V=Notch Impaét'(ft*lb)

0t

o

08

Amoov.muﬁum“mmﬁma PITITO

9L

08

S 5
*uoT3eTallon IToug-asddn Ao~

adg & je o1

s

r

I

3 2y3 uo ﬁ_u..wwmm

M 30 UOTIDIPald Syl U0 SUOTIBITWPT *gZ 2AndTg

4o .m;:pm;wa&mp 159

0

08 -

091~

0pe -

|

0T

0z

\wyl L

7

CNAD

09

0¢ .

0s

0/

06

RURH

0L

051
0Lt
061

0tz

sy Iy *Axisusul sseans [e9L3L4d

*uL-1

2/l

www . fastio.com

ClibhPDF -


http://www.fastio.com/

*(ZT oTqel wWoly ®IEP Ly prrRA)
sansay 3897 .(I124) uommEH Ldreyy yovaDSLg pue ) UOTSUS]

uummsoo 2F3E18 nmmsumm ﬁOﬁumHmunou mm¢mM1muﬁumHmmamH|ﬁ0ﬁuﬂmﬁmna *6z oanBz

. qi-14 *30edur :uaoz-} Adaeysy paepueis
08 0L 09 0§ - O 0g

N\mﬁz>ov g =
(NAD) 8 = 3/, I_/\._,\\
R
Pl
R = o _ LIEYEL 7
P id . 02£dgs 19y @
\\ : E:mcﬂ. Joedwo) tup-z @ —
R _ Al A e
- ‘\ ‘ )
. 2 .l -l _ - : ;
o [P .
. 2 ~ .

oot

00e.

0o€

1 00¢

008"

— 009

up-psd <37,y

www . fastio.com

ClibhPDF -


http://www.fastio.com/

800

- B | 700
600 . ‘ —
‘
500 |- /
. B
=
T
8 400
L
N"'--.
Q
300
| 200
100 2
: 0 — _ - ' '
S . -0 10 20 30 40 50
A ‘ o _ _ : Precrack Charpy Impact, ft-1b :

- . Figure 30. Transition-Temperature-Range Correlation Between Static
"~ Compact Tension Kt and Precrack Charpy Impact (PCIL)
-~ Test Results (vallﬁ_KIc data from Table 12).

ClihPDF - www .fastio.com


http://www.fastio.com/

B

_ _ . (21 oTael Woi3
mumw.oHM wﬁmg&muﬂzQO.umm.HAHomuuwmmEH hmum:oxumuomum@am HM

' uoTsuay Ioedwog DFIRIS UPATSY UOTILTILL0D) mwﬁmm:muﬁmnmmﬁmalsoﬁ..nmﬂm..wm. *1¢ . 2an3Tq

CqL=14 *aoedwp Adady) yoeudddg

5¢ 0e a2 02 T 01 g 0,
00l
(194) |
002
B
Il—/u
o
00f 3
/ v
o\ T , |
\ ‘ _ : vo — 00%
a N 10 . e
\\\\\\\\. _ W O = T S
- 5 ‘ iles  PLIEAT®
\\\\\ — _ T uoLsual joeduwo) ‘ui-z piieru] O 00§
: . : : o uoLsual joeduo) *ui-i pLiep 9
A 720 _ pDLIRAUT ©
E . S . e3eq 19935 'SR B
S — 009
L .
+ Hu vl ; ./. N s ‘

www . fastio.com

ClibhPDF -


http://www.fastio.com/

. Y
Jar
-
ClibhPDF -

‘A
Figure 32.

www . fastio.com

Charpy V-Notch (10-mil radius) Impact (ft-1b)

- Yield Strength (ksi)

| SR — N
B SRR RN B . N
ob ; L S
o _100 110 120

Charpy V—Notch Impact Requ1rements for Through-Thlckness Ylelding

FIY

2

2(CVN)

3/2

E/B

: Based on the U.5. Steel Transition-Temperature K

Ic

-=CVN Correlatlon


http://www.fastio.com/

-solwa.'w... :f.. . . e
] :,';%“2‘_1 A |

e |

b
=+
»

e —————

Charpy VéNotch_Impapt Energy (ft-1b)

.
-
# kE i
3 R
L - 20— +
- - S

Yield Strength (ksi)

:  Figure 33, Charpy V-Notch Impact Requirements for Through~Thickneés Yielding |
* ‘Based on the Upper-Shelf Ky~ CVN Cor:elation (Pash lines from Fig. 32)

_Cm.: FTY (B + 0.25)/5

ClihPDF - www .fastio.com


http://www.fastio.com/

o 2-1/11
;V ' - 2"'[{.\.].‘ _-.-
“Z .1"5/]-!- "‘:A,.. .
) 3 |
—=
. 5
: ] o
5 1-1/2
. m -
. g
H
B
o
“
«
=]
S
’ g
[ ]
-8
Tt
0
Q-
- ad I .
A SRS
o ;;_;;A;E;j.m;:;; el L e
T Al ®%

100 110 120
_ _ Yleld Strength {ksi)
Figure 34. Charpy V-Notch Impact Requirements for Through-Thickness Yield Based

. on the Precrack Charpy Impact Trans1t10n—TEmperature~Range K1c PCI
Correlatrian - 7 -

ClihPDF - www .fastio.com


http://www.fastio.com/

APPENDIX A

Charpy V-Notch (10-mil radius) and
Precrack Charpy Impact Test Results
Tabulation .of. '
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. ‘Plate A, ‘AS17-F, 2~1/4 in., Heat B9863-2C

' 'Préérack”Charpy Impact

TR o ‘Test. - Sﬁeciﬁen ) ~ Energy Lat ‘Expans
P - ' (°F) - Ne. ' (£t~1b) (mils)
S T o -40° . SAL | 2.06 1
Yo IR o 5A2 2.10 0
S . " 5A3 2.26 1.
| -20 T A-1 2.01 1
5 A=2 2.05 0
' 0- A3 2.80 2
So+20 - A-5 '3.28 3
SR A~6 3.90 3
+40 - 5A7 - 3.76 3
© L 5A8 3.98 4
5A9 4,32 4
RT 5A10 7.69 8
:  5A11 6.87 9
. 5A12 | ‘ 7.01 8
+120 . 5A13 10.75 13
S 5A14 . 11.60 15
_ 5A15 | 12.09 14
+160 . 5Al6 ' 15.8 18
' " B5AL7 - - 17.0 18
- 4180 - 5A4 20,6 23
3 .. 5AS o . 18.3 23
o 5A6 s 19.1 21
o 4210 - 5A19 : 23.8 26
g : . 5A20 0 , 29.2 31
o 5421 | 29.7 30
= .1 Charpy V-Notch | |
o -40 6AL . | 13,20 10
- S 6A2 14.55 11
o . 6A3 ' 13.28 8
Re 0 6AL . 15.20 9
. . 6A5 . 15,73 11
- | ' BA6 | 16.42 11
e . 40 6AY7 , 17.29° . 11
e L . 6A8 20,19 14
s S R 6A9 - 15,730 10
+74  6ALO - 19.40 13
. 6Al1L 18.58 14
6A12 o 16.68 12
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Plate A, A517-F, 2-1/4 in., Heat B9863-2C (Cont.)

Charpy V-Notch '(cont.)

" Test Speci.men- - Energy = Lat .Expans
(°F) T No. - (£t=1b) "~ (mils)

+120. . 6A13 : . 21.40 21

o eAls 25,36 20
, . 6Al5 26,35 . 24
R C 4160 T . 6Al6 30.57 26

S o | 6Al7 | 30. 48 25 -
- 6A18 -~ 27.19 24

%210 - 6ALY 37.93 32
| 6A20 . 39.06 35
A2 -  42.53 36

ClihPDF - www .fastio.com


http://www.fastio.com/

£ PR I et

_ Plaﬁe AL, AS517H, 2?i74 in;;“ﬁéat A40Q71-6

Precrack Charpy Impact

- Test Specimen ' _ _ Energy Lat Expans

: - '(°F)  __No. (ft-1b) (mils)
WS o +80 - 5ALL - 2.61 0
e -40  5AL2 4.82 2.5
Peo ... .0 .  5AL9 T 6.33 3.5

R | 420 5AL3 - 8.30 7.0
. AL - 7.05 6.0
40 AL-2 8.60 9.5
- AL-3 B - 8.72 7.5
' 460 AL-4 9.04 10.0
. AL-5 10.50 10.5
+74 SAL4 S 13.0 . 12.5
' 5AL8 7 14.1 12.5
120 . SALS SR 19.0 - 17.0
+160 - -5AL7 | 24,2 22.5
. A6 - 20.85 21.5
+210  5AL6 ' 32.6 32.0
 Charpy 'V-Notch ) |

~40 ALl 6.95 2.5

0 4AL2 - 10,5 7

+20 4AL3. o 11.9 8

R GALL 10.4 | 6

4AL5 13.1 9
+74  4ALG 20.85 16.5

4AL10 22.5 18
+120 . . 4AL7 24,7 20.5
- 4ALY -3l - 26.5
+210 BALE 41,8 36.5
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. Plate L, ASL7F, 2~1/4 in., Heat 97L168-06W2

. Precrack Charpy Impact'

_ - ‘ . Test’ ‘Specimen - :Energy Lat Expans
ML _ °F) o No. - - {ft=1D) (mils)
LT - -80 5L1 7.2 6
' o 5L10 6.8 4.5
IR 60 . Ll - o 10.2 10.5
| ~40 5L2 12,4 100
oL-3 . 13.9 12.5
20 L-5 . 15.5 . 15
. L~6 18.6 17
o 57 . 26.3 24.5
S5L8 .. 2.9 20
+20 513 - - 23.2 19
+40 U Le7 . 36.9 36
. - L-8 42,6 37
+73 . 5L& - ' hb 4 39.5
.. BE9 . : 48,4 39.5
+120 5L5 : 52.8 45
+210  5L6 | 52.6 45
-‘CharpzjVANdeh
-80  4L9 110.9 7.5
AL10 8.8 5.5
~40 4Ll 39.8 29
0 . 4L2 : 72.3 . 50
+20 413 o T79.1 48
4LL ' 65.5 44
_ 4L5 - . 70.5 45
b o S 473 46 79.1 51
e S #1200 AL7 : 78.8 . 51.5
S 4210 a8 . 749 - 33
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Plate M, ASLA-F, 2-1/4 in., Heat 92L088-10W2

PreCraék Charpy Impact - -

f;_"" .- .. ‘Tegt . Speéimen = . " “Energy Lat Expans

°r .. No. _ {(ft-1ib) {mils)
oo 100 sue ' 9.4 7.5
CoE ‘ CM-1 11.6 - 10 .
A A Y5 . 118 12
-80  5ML ' 14.8 13.5
. 5M10 | 13.4 - 13.0

-60 M-3 23,2 20.5
. CM-4 : ' 20.4 21

40 - sM2 36,2 28.5
" 5m9 | 29.4 23

o -20 M-5 36.3 34
- 5244 37.5

o~ 5M8 . 51.0 41,5

+20 M3 53.2 41.5
+74 - 5Mh 513 42
+120 - 5M5 - 52.3 45

+210 5M6 49,4 42,5

- Charpy V-Notch
-100. 4410 241 17.5
- -80 - a9 32.2 23
-450 0 oan 51.3 34
0 kM2 | 64.7 gy

+20 . M3 . 66.7 47
o b 64,5 ©  46.5
M5 . 65.8 47.5

+76 4B | 66.7 41.5
el To T T so18 0 48 - Bh.8 4B
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187
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287
ic1i
-2C10

C 1AL
- -JA19
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‘1319_.

1c1e
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2411
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242
- 288
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S 143
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No.

. PRECRACK ‘CHARPY IMPACT

TEST

 Temp (°F)

0

76

120

160

210

/300

360

- HEAT C4913 SLAB 4

Location

" Midthick.

Surface

Midthick.

Surface

Midthick.

- Surface

Midthick.

Surface

- Midthick.

Surface

Midthick.

 Surface

Midthick.

Surface

Degree

161.9

160.7
157.3

158.9 .

153.4

154.2

151.0
150.9
152.0
150.6

C151.4
- 151.9

147.7
149.6
149.9
151.0

148.3
150.1

146.9
146.9

148.0

147.0
145.6

144.0

144.0
143.7

144.8

139.3

1138.0
139.6

137.3

139.0

135.5
137.2
138.2

ft-1b

W M
r . -

»
WOhHKE Uvicgc WO VN

.

~SOh s~ Ut
') . ’

* »
WO W

WWW W ~N~~ID O
L ]

.

[
munn

el

OHRKFH OWw
¥

0Oy BB W

=
-
(=]

15.6
T4.4

1641

14.9

U 17.6

16,2_
-15:5
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- Spec.
No.

S - 2C19
SR 2A16

_ - 1A15
P .. 1m17

1c2
2c2

1B2-
2B2
3B2

o 1cl
- 2C1
181

- 2B1
. 381

106
2G5
1B5
2B5

-1C7
2C6
186

- 2B6
- 3B8

1c12
2C9

RN . 146
L | e
. 4
& 289

e T 1cwe
: - -2c17

- 1A14

1A1S.
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1C13

o - 2B18.

' STANDARD CHARPY V~NOTCH IMPACT TEST

HEAT 'C4913 SLAB 4

femE'(ﬁF)

=40

76

1200

210

300

360

Location

‘Midthick.

- Surface

Midthick.

Surface

Midthick.

Surface

Midthick.

.Surface

- Midthick.

Surfaée

Midthick.

'-Surface

“Midthick.

.Sﬁrface

Degree

160.9
159.6 .

157.7
158.6

156.1

158.7

156.4
158.5

154.0
157.0
154.2

150.5
149.8

145.7
147.8
143.4

14443

146.8

142.8
143.2

135.9

137.4-

134.1
132,2
131L.8

' 130.6

128.9

128.9
127.0
129.5
130.9

127.4

- .123.7

125.4

124.4

VTP wn W
L ]

PN R NN

[ T o

fe

ot
;.
1=

.

W WW W
- - L] L[] L ] -
S0y U o Ho

« v )
OO N . 00~

- '
BFVO

.

~ O~ MNP
B Do 00 P RN O O
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Plate R; A514<H, 2-in., Heat 07619<03WL

Precrack Charpy Impact

.. S ' Test  Specimen - ' Epergy  Lat Expans
; ' SR Noe. (Ft=1b)  _ (mils)
e 100 RO 2,60 0
P h ' ~80°  5RL .- 2,92 8
Lo - " —60 R-1 - 411 2.5
e - o R-2 449 3.5
S ' ' 40 5R2 ’ oo b.42 2
~ R-3 5.73 5
20 R-5 o 7.22 7
R"6 6- 30 6 )
0 . 5R7 - % A g
. .. %8 7 10.2 8.5
+20 5R3 12.0 - 11.5
L +73  5R4 . 17.8 16.5
- +120 5R5 26.0 23.5
. 4210 . 5R6 . - 35.5 35
' Charpy V-=Notch '
280 4R9 .23 4.5
-40 4Rl \ | 10.0 9.5
0 4R2 ) o 19.05 13.5
+20 - - 4R10 24.3 18
© 4R3. - 21.8 i8
4R& 22.8 16
4R5 | 16,9 12.5
y +73 4R6 | 33.9 - 25.5
y +120  4R7? 43.5 . 345
- +210- ©  "4R8 : 56.4 ' 47
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Plate Z, A517-H, 2-1/4 in., Heat ‘B9093-4B

- Précrack Charpy Impact

: o S ‘ ‘Test' Specimeﬁ Energy Lat Expans
e (P _We. - (Ft=1b)  _ (mils)
R -100 528 . 3.41 1.5
Cwe . -80 521 | 4.32 1.5
P -0 z-1- - 443 1
- . | g2 . 5.42 2.5
E ~40 522 | 6.42 4
0 z-3 5,92 2.5
~20. . 5210 .. . 6.98 5.5
o z=h - 7.18 6
0 529 | 9.67 7
| z-5 S 9.67 7
+20 523 . 13.2 10
o 527 11.05 9
+40 z-6 ~13.6 11.5
- z=7 13.1 9.5
+74 574 "~ 20.35 17
S Z-8 . 19.1 .15
+120  ° 5%Z5 | 1 29.8 " 24
+210  5Z6 41.3 . 33.5
‘Charpy V-Notch
-100 . 4z10 . 7.55 3.5
-80 4729 T - 8.13 3.5
~40 471 . 10.9 6.5
o . hkz2 . 22,5 - 15.5
420 4Z3 25.3 17.5
424 | 23,6 18
- 425 28.8 19
2 - 4 426 o 36.1 20.5
e T w1200 4z7 456 32,5
ST +210  4z8 o 55.0 . 41,5
-
" A-9
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APPENDIX B

SUMMARY OF U.S. STEEL DATA
ON- THQ-HEATS: OF ASTM A517~F-
PLATE.
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- FRACTURE BEHAVIOR OF U.S. STEEL HEATS

" U.S.S. 738320 . U.S.S. Heat 73A377

T eSS ™~ o My (3 N - R )
e " Yield Stremgth  (ksi) - 110 118 118 121 110
e Ultimate - - (ksi) - 122 129 . 129° 134 - 121
5;F "~ " Charpy V-Notch. _ . | _
L @ 80°F.  (ft-1b) s6 47 57 50 62
15 ft-1b (°F) -~ -170 -160  -90
15 mils (°F) o © =140 : - -B0
Precrack Charpy = _ .
Cdmpact - (°F) . =120 - . =65
slow bend = (°F) o -170 _ e
1 ) _ o :
‘NDT (Drop-Wgt.) (°F) = Co=40 ~30
.ﬂKié[(Slow3Bend) (QF) ‘ . -120 o =120
@ 80°F ' (kei-in.}?) g2 (2 76 g 170
_ KId'(Dyﬁamic) -(ksi—in.lfz) B 45(a)
Cowy/PTY  (ft-lb/kei) ©0.40 - 0.40  0.41  0.56
(xo/FTY)Z (in.) - o 2.07 . 2.07  1.97 2.39

e M am A e ome o e e M e e mm e am

o - (2) J. M. Barsom and $. T. Rolfe, "Ki, Transition—Temperature Behavior of
Ta - ASI7-F Steel", AD 846 124L, 29 Nov. 1968, and ENGINEERING FRACTURE MECHANICS,.
G wooco . 01971, Vol.. 2, pp. 341~357. B : : A
- . €3) A, K. Shoemaker-and S. T. Rolfe, "The Static and Dynamic Low-Temperature
..~ Crack Toughness Performance of Seven Structural Steels", AD 846-126L,
_ ~ .29 Nov. 1968, and ENGINEERING FRACTURE MECHANICS, 1971, Vol. 2, pp. 319-339.
o (&) T, M. Barsom and S. T. Rolfe, "Correlations Between Kie and Charpy V~-Notch
C .0 7 Test Results in the Iransition-Temperature Range", IMPACT TESTING OF METALS),
e = ASTM STP 466, 1970, pp. 281-302. o : oo
wela - ¢5).3. H. Gross, "Effect of Strength and Thickness on Notch Ductility", IMPACT
- ... - TESTING OF METALS, ASTM STP-466, 1970, pp. 21-52, o .
- (8) S. T. Rolfe and S. R. Novak "Slow-Bend KIfe Testing of Medium-Strength
- -High Toughness ‘Steels" AD 817-373L, August 1967. Also ASTM STP 463,
~ American Society for Testing and Materials, 1970, pp. 124-159.
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